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PREF/'CE 


Eubidium Nitrate (wbNO^) exists in four crystalline 
phases as follows: 


TV 


164°0 


Trigonal 


> ITI - 
Cubic 


219°C ^ TT 285°0 

Hexagonal 

or 

Tetragonal 


> I 

Cubic 


Phase tronsfonnations in ’"’ubidium Nitrate and its solid solutions 
v r ith Cesium titrate nnd Potassium Nitrate are the subject of this 
thesis 

The thesis contains five chapters and seven appendices. 

Chapter 1 reviews the relevant literature 

Statement of the problem is given in Chapter 2. 

The experimental techniques employed in the present 
Inver tigot ion are: (nc ) electrical conductivity, differential 
thermal analysis (tvtv ) ; linear and uxinl thermal expansion, X-ray 
diffraction, and infrarod absorption 'These are described in 
Chapter 3 

The- results of the investigation are compiled in 
Chapter 4, The transformation temperatures, in PbWO^ and its 
solid solutions, arc marked by discontinuous changes in electrical 
conductivity nnd lattice parameters Temperature hysteresis, in 


- xviii - 



- xix - 


the transformation regions, is observed by all the presort 
experiments . h systematic study of the phases IV, TII, II and I 
of pbNO^ is prestnied Phase I, which was not clearly detected 
before by electrical methods, is detected unambiguously by 
electric' 1 ! conductivity, dilafcnmetric, arid infrared absorption 
studies It was also confirmed by >:-r ay diffraction and differon- 
ti; 1 thermal analysis. n he following data arc tabulated. 

1. Conductivity experiment : activation energy of conduction in 
Jiff* rent almsos of I-b^CV, 2. lift crontial Thormnl .Vrnlysis: 
thermal activation energy, and heats of transformations, 
d • T Uir tor; (. trie experiment: percent changes in length at the 
phase ch-jvo.a and coefficients of linear thermal expansion in 
the .table rhnsi.8,^. X-rry studies: Coefficients of thermal 
expansion irt stab! e • phase?, and percent volume and axial changes 
at the phase transitions. T’otnsnlum Pitrate is observed to go 
into solid solutions in Pubidium 'Titrate to an extent of a. 5 mole 
percent; and Cesium 'Titrate to an extent of (\^P3 mol© percent at 
room temperature Partial substitution of Cesium ion (radii of 
Cs + and , Rb * ions are 1 . 68A° and 1.48/° respectively) for 
"ubidiu : ion in RbUO^ shifts the transition temperature III~* II 
markedly to higher temperatures while substitution of Potassium 
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ion (radius of is 1.33'°) d.; presses it, more during cooling 

than during heating The transition tewporntu.es IV Til and 

TT 55^.1 are not ouch pff acted. The (com per iticn- temperature) 

phe so -diagram of the solid solution sorios K p b. T T0.„ and 

x 1 — x o 

Os Rb . FO on the Rubidium rich silo, are plotted, from the 

X 1 —vC 

conductivity data 'Theca diagrams compare well with those of 

r antri^er "’he results of 1 X-ra;. dif fraction studius-lattice 

pur erne tors r n a function of tuup < mature, detection of' phase 

changes, and co-existencc of phases TII and IT in the transition 

region III II, — are described. Infra-red absorption spectra 

of fibNO^ in the temperature range, room temperature to near 

-1 

its molting point, is studied in the ircquoncy range 100m to 

-1 -1 

bOQOcrn .. The spectra are presented in the range 700 to 1200cm , 

f.o this covers the fund." mental frequencies of the N0„ ion. While 

5 

no spectrum whs observed in phase TI, the spectra observed in 
nil other phases were essentially due to the NO^ groups. Infra- 
red spectre, of solid solutions at room temperature are also 
presented, 

Thu results described above are synthesized in Chapter 5# 
The experimental results of Chapter 4, taken together with the 
available dote in the literature, make it possible to suggest an-. 



atomistic approach for understanding the phase transformations 

in RbWO_ . Infra-rod absorption spectra in different phases of 
o 

■RbNn^ are discussed in terms of the disordering of II 0^ groups. 

The absence of spe ctra in pha.se II has boon associated with the 
ordering of H0_ groups. The increase in electrical conductivity 
at IV — >111 transformation is associated partly with the orienta- 
tional disordering of the II 0 ions and partly with the positional 
randomization of Bb + ions. The d croo.sc in conductivity at III -^11 
transition has boon interpreted as due to the ordering of the 
ions. ' The gradual disordering of the ITO^ ions at II — >1 
transition has been considered responsible for this gradual order- 
disorder transformation Orientational effects are proposed to 
explain the difference in results, obtained from dilatometric 
moasurrp.mt of bulk expansion arid X-ray measurement of axial 
expansion, after III — >TT transformation. The shifting of 
transformation temperatures, by the partial ionic substitutions 
in solid solutions, is explained on the basis of thermal activa- 
tion m.rgy values obtained from DTA and the similarity of phases 
IV and III of BWOj with II and I of CsITO^ and phase II of RbtlOj 
with I of KBTO— Thermal hysteresis is explained on the basis 
of co-cxistence of phases in the transformation regions. Phase II 

of RbVO, is found to have a hexagonal symmetry rather than tetra- 
? 
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ftiwQ.. A possible structure for phase II is proposed and the 
cation positions nr., indie? tod The lattice relationships are 
pr~o~osed ftv the diff. rent phases of RbNO-j. 

Appendices A „B,.nnd C yive the derivation of the 
expressions used, for the calculations of heats of transition, 
thorri.nl energies of activation in TWA experiment and signification 
in the dilr tnnotric experiment respectively . Appendices P, K, F 
and G- list the d.at? obtained from electrical conductivity measure- 
ments, tit 1 /, dilrtonetric .and > r -ray studios respectively. 



IN T'ROEUCT ICN 


Alkali metal nitrates except LiNO exhibit polymorphic 

P 

transformations. Phase transformations in alkali nitrates have 
been reviewed by Cleaver et al J * and McLaren . This thesis 
describes the phase transformations in Rubidium Nitrate and 
its solid solutions with Cesium Nitrate and Potassium Nitrate. 

1 « 1 Crystal Orowth 

Needle shaped crystals of RbNO_ with triangular 
cross-section were grown from an. aqueous solution at room 

4. 5 

temperature by Brown and McLaren ’ < Kennedy^ grew crystals of 

RbNO, from the melt* 

P 

RbNO, was purified by zone-melting method by 
3 

f 

Sue et al <. 

1*2 Phase Transformations 

X-ray diffraction patterns of RbN^ do not show ■ 
any structural changes between liquid nitrogen temperature and 

room temperature! Above roan temperature RbN : '^ has the following 

8,9 

fear crystalline forms « . ■ 

rr > et - , ■ > x , 

Trigonal Cubic hexagonal ' Oubio ■ , 

(or tetragonal) 



2 


Form IV crystallizes from aqueous solution at room 

temperature as needles with triangular cross section. X-ray 

photographs^ show that IV is trigonal with a = 10.48 A* and 

c = 7.45A 0 . The needle axis corresponds to the c - axis and 

the sides of the triangular cross-section are parallel to the 

a - axis. The space group is P3.12 or P3 0 12 (i.e. or pf). 

i d 3 3 

Form III Is cubic^ ? ^~ with a - 4*36 A 0 and Z « 1# 

11 

Korhonen ' on the basis of x-ray powder photographs at 190° < 3 * 

suggests that the true unit cell of EbNCL is cubic with 

3 

11 6 
a es 8.74A 0 . Korhonen gave the space group as T^ - Pa3 

while Finbak and Hassel^ 0 suggested 0^ - Bn3m. The atonic 

positions are : eight Rubidium ions at cell comers, cell 

center, cell face centers and cell edge centers? eight 

Nitrogen ion3 on sell body diagonals at uuu with u a* 0.285, 

and twenty-four oxygen ions at xyz etc with x & y ar @.278 

and z ■ 0,399 (fig 1.1 ). N0~ was assumed to be symmetrical 

10 

with N-0 * 1.22 A 0 . Finbak and Hassel ' suggested that 

_ 1 'll 

NO, ions are in free rotation in form III, whereas Korhonen 1 ; 
3 

believes that WOZ ion disorder is similar to that suggested by 

1 3 , ■ 

12 

Flscbraaister in KN0,« 



-3 - 



O O o 

Rubidium Oxygen Nitrogen 

FIG. 1.1 Unit cell of form III of Rubidium Nitrate with 
atomic positions in 1/8 th of the unit cell 
(constructed after ref. 11). 







4 ” 


X-ray photographs of single crystals heated 
through IV III transformation, show that the trigonal 

J~00.1^of IV transforms to cubic triad [l 1 1 j[ of III 4 ’ ^ 14 
with the trigonal direction becoming the cubic edge 

The structural relationship 4 between phases IV and III 
is shown in fig. 1.2. 

After III — IV transition, any one of the four 
equivalent cube diagonals can become the trigonal c - axis. 
Therefore in the transformation cycle IV — > III IV, 

the crystals may come back to form IV in any one of the fpur 
orientations. For a needle crystal of triangular cross- 

4 

section, it Is possible to calculate the angle between the 
needle axis end the crystallographic c - axis corresponding 
to each of tho four possible orientations. These angles 
are 0°, 70.5°, 55° and 55° (two cube diagonals are 
indistinguishable). All these orientations were observed by 
Brown and McLaren 4 under the microscope, 

On the basis of powder photographs Brown and 

4 

McLaren found several possible cells for fotm II : the 

most probable being tetragonal with a = 6. 19 A 0 , o = 8.74A 0 

1 3 

and 2 « 4» Finbak et al gave the unit cell of II as hexagonal 


with a sa 5 *48 A 0 , o ** 10.71 A 0 




Fig. 1.2 Structural relationship between the unit 
cells of forms IV and HI of Rubidium 
Nitrate (ref. 4). 



Fig. .1.3 Structural relationship between the unit 
ceils of forms III and II of Rubidium 
Nitrate (ref. 4). 




At III 


II transformation the crystals are 


observed to crack and bend and become anisotropic. Distortion 


of crystals increases on cooling. Due to this distortion Brofin 


and Mclarcn could not study these (and II — ~ > » l) transformations 


on single .crystals with x-rays. This transformation was therefore 


studied by powder diffract ometry. 


Although there are several possible unit cells 


for II, the dimensions of unit cell of III and the most probable 
unit cell of II show a simple relation (fig. 1„3), namely 


Vi" a = 6.16 A 0 , a = 6.19A 0 


2. a ni sb 8.72 A°, c s, 8.74A° 

This suggests that the true unit cell of II 


is tetragonal f (with a = 6.19 A 0 , and c » 8.74 A 0 ). Therefore, 


at III — > II transformation the crystal has a ehoice of three 


possible orientations, corresponding to three mutually perpendicular 


directions for ~ axis. The choice of orientations may be 


responsible for the fragmentation which occurs at this transformation* 


X-ray powder photographs show that phase I has NaOl 


5 4 

structure . Brown and McLaren on the basis of x-ray diffractometer 


pattern show that form I is cubic with a = 7*32 A °, Z « 4» The 


II — ~> I transformation was observed under the microscope, the 


crystals beooming isotropic without any extra distortion or 

.4 


fragmentation being evident 



However, no simple relation between the #ell 


dimensions of II and I was found. Based on the gradual changes 

5 

in x-ray reflections at II ^ I transformation, Kennedy has 


suggested an order-disorder transition in the anion arrangement 

»- if i ^ y , j ' 1 "■ 1 

with fie- eferange~4n-th-e~-Eh + “P©s±t-iens-. Since the temperature 


of this transformation is only 20 °c below the melting point, 

it is possible that crystals are sufficiently plastic to withstand 

a structural change in which and expand and contract 

( 4 ) 5 

respectively, to become equal to a j * Kennedy has reported 
that the crystal decomposes during long x-ray exposures and 
therefore moving film methods could not be applied to verify the 
structure of form I. 

1 .3 Electrical Conductance 

4 

Brown and McLaren have measured the electrical 
conductance of compressed powder pellets of HbNO^ as a function 
of temperature, DC methods were employed for temperatures upto 
about 250°c and a frequency of 1 KC/S for measurements above 
250°c. The results of these measurements, shown in fig 1*4, 
indicate the following : (i) at IV III transformation conductance 
increases by a factor of 100, A corresponding decrease occurs 
during the reverse transf ormation. This behaviour is repeatable. 




2 5 20 1-5 

1,000 IT °K 


Fig. 1.4 The electrical conductance of Rubidium 
Nitrate as a function of temperature 
(ref. 4). 



120 160 200 240 

Tempcrature, 0 C 

Fig. 1.5 Temperature dependence of € () and 
€, of Rubidium Nitrate (rising and 
falling temperature) (ref. 26). 





(li) The first III transformation leads to a decrease 

in conductance by a factor of 3 whereas an increase by a 
factor of 30 lakes place at the reverse transformation. On 
repeating the III II cycle the conductance changes by a 
factor of 30 both on heating and cooling, (iii) On further 
cooling, tho conductance decreases by a factor of 1000 at 

III — > IV transition to its original value. On reheating the 
sample, the conductance increases by a factor of 1000 at 

IV — >-111 transition and decreases by a factor of 30 at the 

i) to (iii) jj 

was confirmed on a second sample 4 , and (iv) the II ^ I 
transition involves only a change of slope in the graph of log 
(conductance) against reciprocal absolute temperature. 

T .10 conductance changes at II ^ I transformations 
were interpreted by Brown and McLaren 4 as an evidence that these 
transformations do not involve any sudden change in positional 
randomization of the ions. 

It is evident from fig 1.4 that when the transformation 
involves an increase in crystallographic symmetry, the electrical 
con duett nee increases, and vice versa 4 . This has alpo been 

I 

observed in KNO^, TINO^, C&NO^ and Brown and McLaren 15 


III — >11 transformation. This behaviour F( 



- 10 - 


have shown by proton magnetic resonance that the increase In 

conductance at II— -» I transformation in NH.1T0,, is due to 

4 9 

• ~j"» 

positional randomization of the NH, # ions. There is evidence 

‘i 

1 t 

that a similar situation exists in T1ETCL . It was, therefore, 

o 

4 

suggested by Brown and McLaren that the increase in 

conductance at IV — ^III transformation is due to some positional 
randomization of the Rb + ions, and that the decrease at III -*]T 
transformation oorresponds to an ordering process. 

After the first II — ^ III transition a permanent 
increase in conductance of phase III over its original value 
was noted^ (fig. 1.4). This remained unexplained and l's now 
explained in Chapter 5 . 

17 

After IV — ^III transformation, Kennedy has 

observed changes in x-ray reflections of phase III on annealing 

it for more than 20 hours. These changes axe parallelled by 

changes of 20 to 40$ in ionic conductivity* 

The transport properties of the fused alkali 

18-23 

nitrate® have been studied by a number of investigators 
using radio traceffe. The results pertinent to this etudy are 


summarized in table 1,1, 



Table 1.1 


Transport Properties in Fused Alkali Nitrates 


Species 

Diffusion 
Coefficient ; 

DX1 O' 5 (can /sec) 

Ionic 
mobility , 
uxlg 4 
(can /v.sec) 

Transport Number 

NCL in KNO 

3 3 


2.45 + 0.1< 22 > 


Nor in RbNO, 
2 3 


2.38 + 0.o8^ 22 ^ 


NOZ in CsNO 

3 


2.38 ± 0.06 


K + in RbNO- 
3 

2.14 + 0.12^ 
2.52 + O.ICT 0 ' 

2.33 + 0,05 < ' 22 ' ) 


Rb + in RbNO_ 
3 

2,24 + 0.05^2^ 
2.51 + O.OS'' 0 -/ 

2.26 + 0.6>36^ 22 ^ 

0.56^0.03^ 5 ^ ,* 
Q^i20); 0 ,59+p.° 4 ^ 21 ^ 

Cs + in RbNO, 
3 

2.29 + O.O?^ 22 ^ 

2.24 + G.036^ 22 ^ 


K + in RNO, 

3 

3.21 + 0.20^ 22 ^ 

3.12 + 0.05 ^ 22 ^ 

0 . 5 s + o.oa^ 21 ^ 

■f* 

Cs in CdNO- 
3 

2.29 + o.o?^ 22 ^ 

2.150 + 0. 02 5 ^ 22 ^ 

0 

0.$Q + 0,04^ 19 ^ 
'.40^ 20 "^;0.594p.OT^ 21 ^ 


the plots of 

22 Values of u raid D recorded hero are obtained from/u or D vs cationic 
radii for alkali nitrates. These values were measured at 450°f> 

The lognri thorn of viscosity ( '*] ) of molten alkali 

nitrates was found to vary linearly with the reciprocal of absolute 

24 '*1 

temperature , For these materials, < 3 ~ ^ constant where <J~ 
is tho electrical conductivity and n represents the ratio of activation 


energies for visoous flow and electrical conduction 


1.2 


1.4 Dislectric Properties 

Dantsiger 2 ^’ 2 ^ and Eesenko 2 ^ have measured 
the dielectric constants parallel ( €j|) and perpendicular (,^) 
to the trigonal axis for EbNO^ at a frejuency of IMc/s as a function 
of temperature. Both the dielectric constants have an anomalous 

behaviour, particularly £ (fig 1*5, P-8 ). It is evident from 

JL 

fig 1.5 that there is a discontinuity in 6^ at IV — ^III 
transition and a sharp peak in oufe the III — > II transition. 

The changes in A were compared with those in 

Jk 

conductivity at the phase transitions as shown below. 


Transition 

Bielectric 

Electrical 


constant £ 

Conductivity 

IV — * III 

Increases by a 

Increases by a 


factor of 3 

factor of 100 

III — > IT 

Increases by a 

Decreases by a 


factor of 10 

factor of 30 


The above comparative study and the fact that 

nbovi. Ill — II transition £ falls nearly to its initial 

•Jl* 

value (fig 1.5) show that the behaviour of 5. does not follow 
that of conductivity. 

On the basis of crystallographic criterion for 

27 

eponteneous polarisation Zhelndev and Sonin (and on the 

25\ 

dielectric and dilatometric measurements, Dantsiger ) proposed 

RbKO~ as a probable ferroelectric. However, the space group 
3 



. symmetry of RbNO^ crystals was found not to obey the more precise 

28 29 30 

crystal pbys.'oal criterion J . Protsenko et al were also 

unable to find any ferroelectric properties in single crystals 

of RbN0.j. On the basis of the study of Iho dielectric properties 

of (i) crystals on d (ii) cooled melt of RbN0 7 Dantsiger and 
2f 31 

Pesonko ’ ' have found and confirmed the antiforroelectric 

nroperties for phases II a.- id IV. In comparison with the 

ferroelectric properties of KIT 0^ Dantsiger and Pesenko^ 

associate th '•■ntiferroelectric oohaviour of phase II in RbHO, 

o 

with rotatioi (about the principal axis) and antiparallel 

displacement of TTO,. groups within any one domain. 

33 

Pinbak and Hassol' report that phase IV of RbNO^ 
in pyroelectric. 

1 3 Thermal Expansion 

<25 26 PS 

Using n quartz dilatometer Dantsiger ' and Pesenko" 
have meanurou the coefficients of thermal expansion for the 
directions parallel and perpendicular to the throe fold axis 
(J2j^ and of RV.iOj. Pig. 1.6 shows for those two 

directions as a function of temperature ( £ 0 is the length at 20°c ) , 
It is evident that the coefficients for £((and j^are positive 
for phase- IV. On the other hand, the coefficients ore negative 
for phase III, especially format IV III, and IT I — > II transition 


mints . 



Fig. 1. 6 Thermal expansion as a function of 

temperature for two directions^of Rubi- 
dium Nitrate (ref. 26). 



Fig. 1. 7 Coefficients of thermal expansion of 
Rubidium Nitrate as functions of tem- 
perature (ref. 26). 



There is a stepwise expansion along at III — II transition. 

Pig. 1.7 shows the coefficients and <L as a 
function of temperature. The transition points stand out as 
sharp peaks. 

17 

Kennedy has reported, on the basis of single crystal 
x-ray diffractometry, that the coefficient of thermal expansion 
for phase III is positive (Table 1,2). Table 1.2 lists thermal 
data for stable phases and table 1.3 gives the volume changes 
at the phase transitions of RbNO^. The density and molar 

volume of fused alkali nitrates including RbNO^ were determined 

18 

by Protsenko et al . The density was found to vary linearly 
with temperature. 

34 

Recently Rapoport lias investigated IV ^ III 

transform ation in RbNO^ upto 40 Kilobars (Kb). DTA signals 

35 

were obtained with no hysteresis upon cooling. Bridgman found 
new polymorphs in RbN 0 ^ above 17 kb. Some similarities in the 

phase diagrams of RbNO^, CsNO^ and TiNO^ were pointed out in 

36 37 

the early woik of Bridgman . Recently Rapoport and Kennedy 

have suggested that the phase diagrams of KFO^ above 15 kb, RbNOj 

above 2 kb and CsU0_ are qualitatively similar and that the 

3 

corresponding phases are isostructural. The isoelectronic solids 



TaBLE 1 .2 Tlie-noa! data for EbHQ (ref 



4 

*• 

+ 1 


+ 1 


+ | 



+ 1 



r 

p 

✓""-s 

P 

O 

P* 



p 

0 


»► 


0 


O 

xh 

O 


A 

0 

•P^ 

1 

1 

0 

1 

O 

I 

O 


1 

0 

03 W) 

• 

0 

0 

O 

CM 

• O 

T—' 


O 

A 

jk>. 

i 

• 


'O 

T*” 

M 

CM 

I 

W 

00 

CM 


H 

A 

i 


1 

VO 

1 

A 

O 

CM 

1 


t> 

0 

O % 

* 

0- 

O 

C — 

MO 

r— 

O 


A 


*H 

1 

♦ 

A 

• 

\— 

41 

CM 


• 

A 

R 

f 

CM 



%w^ 


CM 


T7 


*H * 

1 

+ 

A 

+ 

CM 

+ 



■f 

VO 

0 4 c 

* 


O 

-M" 

CM 

A 

I— 

O 

A 

Y“" 

0 

1 

VO 

O 

VO 

O 

'M" 

O 

A 


0 

R jpt* 

« 

A 

O 

CO 

O 


O 

VO 

■c — 

0 

CG O 

r 

T” 

* 

X — 

• 

CM 

• 

CM 

CM 

# 


» 

4 

O 

• 

O . 

* 

O 

m 

• 

0 


i 

O 


0 


O 


0 

O 



ivO 

* o 


*>r 


KD 

I o 


o 


o 


CM 


t K 

♦ O 

K* . 

rH R 

Ctf 0) 

' o 

o 


s 

0 

3 


rA< 


I 
* 
i 
♦ 
t 

i 

% 

1 

\ ♦ 

1 

1 

t 
* 

1 

1 
• 

1 

1 
* 

i 

* .0 

; j 

1 j£, 

I *H 

* "2 

l >4 

* 0 

1 R 


I 


d 

5 o 

•H O 
0 ra ^ 

MD 

o 

M - M 
> 0 

rd 
0 
P 
0 


O 


$ 

5 


K 

rd 


0 

W 

£ 

o 


O' 

a 


ITS 

41 

T"* 

O 


o 

» 

LA 

CO 


o 

r-* 

CM 


o 

■«d“ 

A 


A 

A 

O 


I |* 

mol 

u P 


<c~ g ^ 

a o y 

u P 



O 


O 


O 

1 P 

VO 

0 

CM 

O 

0 

O 

* 0 

a\ 

O 

a 

O 

A 

A 

l -p 


CO 

♦ 

CM 

* 

A I 

♦ C H 

CM 


CM 

CM 

CM 

CM 

1 d 


p 


HP 


If 

» 

* 54 


a3 




eti 







i 

l 0 







I 0 







l hr 

t 


t 

l 

i 

* 

* r- 


1 fl> 

1 

* 

CM 

VO 

A 

O 

■ 

A 

A 

1 8 S 0 

I 

V 

* 

« 

♦ 

* 

* rl rl * 

* 

£>* 

cn 

MO 

A 

A 

I0OO 

i 

"4* 

xtf- 

A 

A 

A 

* \'4 > ^ 

• 

t 0 "o' 

* 

* 

p 

1 

p 

l 

CM 

O 

T* 

O 

> 

O 

* -P O 

p 

VO 

CM 

CO 

r~ 

P 

l 03 w 

* 

T-* 

CM 

CM 

A 

aS 

• ft 0 

1 0 5p 

♦ 

1 

0 

0 

O 

0 

O 

* P« Q 

* 

» 

• 

P 

p 

P 

P 

P 

j» | s 

O 

CM 

O 

r~ 

CM 

t 

CM 

VO 

CM 

co 

r~* 

♦ 

* 


•r*’ 

CM 

CM 

A 


m § 

P 

o m 


o 


O 

*H 

A 


H 

0 

a 


a 

A 


K 

X 

Tfi. 


c5 

3 

<vj 

0 

fe 

02 

P 

02 

•H 

8 

H 


o 

» 

o 

A 

A 

A 

A 

0 

*H 

U) 

•S 

P 

H 

0 

». 1 


a 

in 

CO 

*H 

f>0 

<r» 

P 

H 

0 

0 

fH 

o 

R 

0 

P 


R 

O 

l> 

u 

03 

H 

o 


1$ 


to 


These- expansion coefficients were obtained from an Iv-rej study of single crystals 
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RbNO^ and SrCO^ allow interesting comparison of corresponding 

54 

crystal structures and phase diagrams , 

t 

The melting points and the volumes of fusion of 

alkali nitrates including RblQ^ were determined, at pressures 

43 

upto 10 kb, by 0,vens . There is a striking similarity in the 

melting curves of CsNO,, RblTCL above 2 kb and KNCL (phase Vl)^ 

. ’ 5 5 5 

which again suggests that the corresponding solid phases are 
i oostructural 

1.6 Specific Heat, Heats of Transitions, Entropy and Eree-Energy . 

Mustajoki^ has determined the specific heats of 

various phases of RbNO^ with a Moser calorimeter using both 

heating and cooling curves. These are tabulated in table 1.2 

Heats of transition and entropy of transition as 
44 45 

determined by Mustajoki and Arell and Varteva are summarized 
in table 1.3. 

Gordon and Campbell*^ have studied the crystalline 
transitions and fusion of alkali nitrates including EbNO^ by 
differential thermal analysis (DTA). Rao and Rao have also 
recently examined the phase transformations of alkali nitrates 
by 'OTA . The values of heats of transition and of volume changes, 
from the DTA study seem to be in reasonable agreement with the 
calorimetric values 4 ^ 455 except that the changes in volume at II — >1 
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i , 48 

Vasil ev and Vasil era hare expressed the available 
data on entropy of the crystal lattice of nitrates by the relation 

where n is the number of ions forming the canpounds and is a 
constant. The values of entropies of transition, in the nitrates 

-j- 

of Na , K , Rb , Cs , Ag , and T1 have been considered in terms 

— 49 

of the orient- tional disorder of NO,- ion . The data on -these 

o 

nitrates have been discussed in terms of the structural relations 
for the transitions. 

Free energy of the lattice is calculated by the 

rol1tlon A = U - TA 

where t^J is the lattice energy. 

lattice energies and free energies of RbNO^ were 
50 

calculated by Ladd and lee 
1,7 Infrared Absorption 

Infrared absorption spectra of metal nitrates 

-1 -1 

including RbNO^, in the range 5000 cm to 700 cm at room 

51 

temperature lias been tabulated by Vranty , 

Infrared absorption spectra of single •ryetals of 
inorganic nitrates including RbNO^ between room temperature and 

liquid helium temperature were obtained by Schroeder, Weir and. 

7 -1 -1 

tippincott . Diffuse absorption between 14Q0om and 700 un 



was observed at room temperature. At liquid helium temperature, 

this was resolved into a large number of bands which are not 

attributable to fundamental frequencies ( ~^i , ,"^3 ) 

or combinations of fundamental frequencies of the 'ion. Almost 

all of those bands were interpret ed as summation bands of 

fundamental frequencies with successive levels of a librating 

oscill r tor Thu libration is considered to represent a planar 

torsi mol oscillation of the anion about the trigonal axis. The 

librating frequency depends in part on the crystal structure 

end decreases with increasing cation mass The librating frequency 

as determined from successive bands was reasonably constant. 

-1 

In RbNO, two modes were observed one at 25 cm and the other 
-1 

at 50 cm . Band limits observed in the spectra were interpreted 

no representing rotational energy barriers. The barrier heights 

-1 -1 
wore 146 cm and 175 cm • 

52 

Greenberg and Hallgren have observed the infrared 
spectra of LiNO,, NaNO, KUO, RbNO, and CsNO, at room temperature, 

j £>1 jj j 2 

at 25°c above and at 25°c below the melting points of these 
nitrates They have reported that the spectra of alkali metal 
nitrates consist almost exclusively of the frequencies to be 
associated with the NO^ group and are not materially altered in 
going from solid to liquid state The shift in observed frequencies 
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with cation size is as follows. With increasing cation size, 

frequencies show a general shift to lower values 

52 

whiley moves to higher frequencies. Also it has been observed 
that the fundamental frequencies shift to lower values as the 
temperature is raised. No uniform change with temperature was 
detected for the combination and overtone bands. 

Myasnikova and Yatsenko" 5 have recently examined 
the infrared spectra of cooled melt of RbNO^ at IV — >111 

transformation. The bond frequency corresponding to the internal 

— ~1 

vibration. .1/^ of NO^ ion is found to be shifted by about 12 cm 

on passing from phase IV to III. 

The contribution of internal vibration l^of NO^ ion 
in RbNCy to the change in dielectric constant is found to be very 
small. Therefore the structure vibrations seem to play an 
Important role in giving rise to anomalously large dielectric 
constants at the phase transition. Shifting of other bands/can 
be explained similarly. 

1,8 Solid Solutions. 

t 

The systems of interest in the present dtudy are the 
solid solutions K^Rb^^O and ^Rb^NCy Hence a literature 
study of these is described in this section. 
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1.8.1 K Bb, N0_ system 

•X!! «mLm X 

The series K Bb., N0„ is said to form a solid 
x 1-x 3 

54,55 

solution for the whole range of concentration . Kawafce et al 

have studied the dielectric properties of the K Rb NO, mixed 

* jC JL *"\a. y 

crystals on the Potassium rich side- They have also investigated 
the temperature dependence of the lattice parameters of K __Eb 

Q » ( l Q * tij 

*7 

EOj by high temperature x-ray powder diffractometry - At room 

temperature the x-ray powder diffraction patterns of these mixed 

crystals show that the lattice parameters vary linearly with 

56 

concentration. A mixing limit was found at x = 0.44 to 0.48. 

58 

Dantsiger has investigated the phase diagram of 

K Bb, N0„ system. The Eubidium rich side was studied by dielectric 
X JL*“’OC 0 

measurements as a function of temperature while the Potassium 

rich side was investigated by oscillographic measurements only. 

The transition III— » II during cooling was observed 

upto 3 - 5 % KNOj, while in wanning it was observed upto 10 - 15 % 

KNO, 58 . However, the doping lowers the transition temperature 
3 

and reduces the peak value of 6 . In addition the transition 

becomes increasingly smeared out. The transition IV— > III does 

not disappear at all. At first it is almost independent of the 

composition and then, beginning with 10 - 15 % KETO^ the temperature 

58 

of the transition decreases . The transition points are shown 
in fig 1.8. The symbols II, III and IV In the diagram on the 



Temperature , 



Fig. 1 . 8 Phase diagram of the K^Rb NO 3 system. 

The solid curve corresponds to cooling and 
the dashed one to heating (ref. 58). 


300 



0 20 40 

CsNQ3,mol<2% 


Fig. 1.9 Phase diagram of the system 
C s^R b j _ x N (ref. 6 l ). 
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TMT Oj side denote the different phases of RbNO^, As was noted 
31 

above phase TV of RbNO^ has antiferroelectric properties. 

The n .'.o'-'ne for this inference were the abrupt jumps ±n \ 
at the TV 55 =^ III transition, the effects of a dc bias field 
on this trr ’ 1 ration ana the double hysteresis loops observed in 
phase IV in c irony fields. 

In rdl the investigated solid solutions the anomaly of £ 
at IV — > ITI transition temperature persists and double 
oiclrctric hysteresis loops are observed in phase IV. Hence it is 
reasonable to infer the existence of antiferroelectricity in 

58 

the low temperature phase of the investigated solid solutions , 
just as in the case of pure RbNO^- 

98,59 

Investigation of compositions with a high KNO^ content 

revealed a ferroelectric region (shadod in the diagram of fig 1 . 8 ) 

In this region there are observed ordinary dielectric hysteresis 

loops. The symbols I, II and III in the phase diagram on the 

side of WTO, denote the different phases of KUCL as identified 
3 3 

32 

by Sawada et al . On the rich side the phase diagram 

proposed by Dantsi^*er (Fig. 1.8) is in reasonable agreement with 

56,57 

* 


that of Kawabe et al 
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1.8.2 CsuRb. NO, System. 

This system forms a continuous series of solid soluti^S^ 

fll 

Dantsiger has made (i) dielectric measurements 

as a function of temperature at a frequency of 1 Mc/S and (ii) 

oscillographic measurements with the usual Sawyer - Tower 

circuit on the cooled melts of this system. It was observed 

from the dielectric data that as x increases, the transition 

temperature TII ^ II in RbNO^ shifts to higher temperatures. 

Fig. 1.9 shows the phase diagram of this system, 

61 

based on the dielectric measurements . The numbers II, III and 

IV denote the phases of RbNO^. The highest temperature phase I 

could not be observed during these measurements since the lower 

boundary of this phase was close to the molting point . The 

upper curve (fig 1.9) mearked by triangles, was plotted from 

60 

the crystallization temperatures given by Blidin 

61 

It is also noted that (i) transition temperature 
III II is present throughout the range o4xZ_ 0.5-0.20, 

(ii) CUrie-Weiss law is followed both below and above this 
transition temperature and (iii) no hystereis loop is observed 
in phase II of the compositions. On the basis of these 
observations it is concluded that phase II of the solid solutions 
in ontiferroelectric. The possibility that the phase IV of these 



compositions is also antiferroelectric (like the phase IV in KMO^) 
is considered. However, the dielectric anomalies in these 

i 

compositions at IV III transition, are less pronounced than 

61 

in pure RbUO^. Dantsigor has proposed that the antiferroelectric 
properties in phase II of the solid solutions as well as in RbNO^ 
occur as a result of ordering of the NO^ groups above the 
transition temperature. 

It can be noted, from section 1.8.1 and the present one, 

that as x increases the transition temperature III II moves 

to higher temperatures in Cs Rb n NO, system and in the opposite 

61 

^ system. Dantsiger has explained this 
shifting of transition temperature on the basis of the difference 


direction, in K^Rb^^NO 


in the radii of the cations that do the replacing in the solid 
solutions. The radii of Rb + , Cs + , and K + are respectively 1.48, 
1.69, and 1.33 A°, When Cs + (larger size) replaces Rb + , the 
lattice constant increases. (According to x-ray data, the lattice 


constant of CsNO, in cubic phase is larger than the lattice 
10 

constant of RbETO , ). This results in a reduction of the internal 
3 

field, and, hence in a reduction in the stability and narrowing 
of the phase TI. Replacing Rb + ion by K + ion, which has smaller 


size, produces the opposite effect. 



Chapter 2 


STATEMENT OP THE PROBLEM 

Nitrates show a rich variety of structural trans- 
f'ormations, indicating that diverse arrangements with practically 
the same free energy can be arrived at by comparatively small 
shifts of the cations and the anions. As already seen in 
chapter I phase transformations in RbNO^ and their solid 
solutions have been the subject of several investigations. 

However, a clear understanding of the transformations 
in RbNO, does not seem to be available. Due to this reason it 
is difficult to find proper explanations for the electrical 
conductivity and thermal expansion changes during the 
transformations. Whereas phase I has been detected by. x-ray 
diffraction^’ differential thermal analysis 8 ’^ and diflrlatamelijjp 
the same has not been confirmed by electrical conductivity, 
find infra-red absorption studies. Differences in conductivity 
changes, at phase transformation II -5=>* III and III IV, 

observed on recycling in RbNO^ have remained unexplained. It 
is, therefore, thought worthwhile to study the whole spectrum 
of properties in all phases of RbNO^ and synthesize the results 
for a better understanding of the phase transformations in 
RbNO^ and its solid solutions and propose a suitable model for 
these transformations. 

Hence a detailed study of the phase transformations 


- 27 



~ 28 


in WTO, i' r s be^n undertaken by means of (ac) electrical 
conductivity? differential thermal analysis? dllatometry ? high 
f;ein p rro fure ^ -ray examine tion and infra -red nbs or ] lion * 
f i 1 1 rra al hy s t l r < * s i s a t 1 1 * o t r a n of orma t i on s an d co-cxi s t on c e 
of phases in the trunsf orrn at ion regions are also investigated* 
disordering* of the fTG_ group in various phases is examined. 

The study is extended to cover the influence of substitution 
of K + (ionic radius = l.'SVp) "‘nd frj + (ionic rrdiurj = 1.68 a‘" ) 
tor T?b + (ionic radius = 1.48 //' ) in BbV<\, nn the phnso 
t.rr nsitinne . 



Chapter 3 


■FKTEP3MENTAI TECHNIQUES 

3 • 1 Sara pi o 1 're parnt ion : 

■RTd i ! 0_ and CsU0_ via re obtained fn ra Penn Pare Metals 
3 3 

J v jc. , Revere ; Pennn (US') The purity claimed by the 
manufacturer is 99* 8 and 99. S'? respectively KIJ0 7) , of Analar 
quality, wo obtained from the British "Drug House 

f’b T 'iO v in powdered form, as supplied, was the 

J 

starting material for investigations on RbUQ^ Colid 

lutions wore pr< parted by he ting PbUO... with a known molar 

«1 - f Cs T,r C., or in ", plr tinum crucible to a temperature 

'* 5 3 

i f 'bout 20 ( C a rirv f ' the melting point of the matt rial This 
to rip era Pure wan maint/ inod constant for hnlf-nn-hour to .allow 
for thorough mixing and form, "lion of a solid solution, 
homogeneity of the solid solutions was confirmed by y-rny 
diffraction methods The solid solutions so formed were crushed 
to a powder 

T>Tf and Y-ray measurements were made on powdered scruples. 
The powders were melted and poured into a platinum foil tube 
to make rods of a, bout 1.5 cm length and 4 mm diameter 


29 
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for dilatometric measurements. The fine powder was pressed at 

5 " 2 

/'i .22 x 10 gm / cm pressure into thin 1.2 cm diameter transparent 

pellets for infra-red work. i 

3.2 Conductivity Measurements 

Powdered rpecimon of RbN0_ or its solid solutions 

3 

was melted in a platinum crucible. A glass cover (fig 3*l) was 

lowered to djp the platinum foil acting as one of the electrode^ 

into the melt Te crucible acted as the other electrode. The 

iue It was cooled and was ready for measurements. 

This procedure permits a rapid investigation of 

d iff (.rent compositions. A technique similar to tho present one 

32 

war; first emt loyod in tho work of Sawada et al for investigating 
dielectric hysteresis loops of KNO^. Sawada et al note that the 
complicated arrangement of electrodes does not allow a precise 
aval cation of the absolute value of the polarization. .For the 
arum' reason, tho conversions of conductance data to the conductivity 
values, taking into account only the area of the platinum foil 
electrode md tho distance between the foil and tho bottom of 
the crucible, may be correct to _+ 10 %. 

Using General Radio 1608 A impedance bridge, at a 
frequency of 1 KC/S, conductance was measured between 120 € and 
the melting point during heating and cooling the compositions. 

Below 120°c the conductance was too low to be reliably measured 
in the bridge. The (ac) electrical conductivity was measured 
to avoid electrolysis of the ionic salt and to avoid the voltages 
which may be developed due to polarization effects. The 


temperatures were measured with a chromol-alumel thermocouple and 
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Fig. 3.1 Platinum crucible (5), containing the material (8) 
under study. Platinum foil (7) and the crucible 
are acting as the two electrodes. (2) and (.7) are 
glass tubes containing the platinum wire (9), 
carrying one electrode, and the thermocouple (£>). 
(4) is a lead for the crucible electrode and ()!) is 
the pyrene glass cover. 





rx Pub icon potentiometer. The rates of heating and cooling 

during the measurements varied between 1.5 to 2°£ per minute. 

The measurements on each specimen were repeated both on 

beating and cooling and were found reproducible (not shown 

in the figures). Solid solutions cooled down to a clear 

solid mass upto 20 mole % of CsK0„in RbNO, while a separate 

o J 

small white patch was observable in the clear cooled mass of 
solid solutions at 25 molar % CsNO^ and above. The cooled 
solid solutions of Kj-Rb-^ yielded a clear mass upto 2 

molar % vjro and a white opaque solid at 4 molar % and above. 

3.3 Differential Thermal Analysis (DTA). 

62 

Gordon has described the principle of Differential 
Thermal Analysis and various DTA instruments including that 
of the American Instrument Co., which was used in this 
investigation. 

About 0.3 to 0.4 gm of the powder of RbNOj or its 
solid solutions (Os, Rb )N0^ and (K, Rb) was packed into 
one of the sample holders (a hole) in the motel block of DTA 
apparatus, the other hole being packed to an equal volume 
with a reference material - quartz (SiOg) powder. The 
furnace way heated at the rate of 8° € / min. On reaching the 
maximum temperature the furnace was put off and it was allowed 
to cool at a natural rate Dor recording the differential 
thermogram a sensitivity of temperature differential of 0.1 € 
per inch of the chart paper was employed. The maximum 
temperature to which each sample was heated was about 40 ° £ 
below the melting point so that the II I transformation 



- 33 - 


in RbNO, and its solid solutions was not recorded (since it was 
3 

too close to the melting point). 

Toiperaturus near the melting point of RbNO^ wore 

avoided to guard against the corrosive tendency of molten Rbi'-fO, 

3 

for the Inconel sheath of the ehrcmel alumel thermocouple 
used in the san pi e holder . 

3.4 Dilatcmctric Measurement of Thermal Expansion 

Thu theral expansion of rod specimens, of RbNO^ 
and its solid solutions, of diameter 4 mm and length 1.5 cm 
was measured using a fused-qu rtz tube dil^tometer with an 
optical lever having a magnification of about 450 (Appendix c). 
Tbs, measurements were performed both on heating and cooling, the 
rate of temperature change being 2 °C / mitt. The measurements 
were continued upto a temperature of about 20° C below the 
Melting point. Eeyond that temperature the sample rod begins 
to deform plastically. 

3.5 X-Ray Diffraction Study. 

X-ray diffraction methods were used for (i) establishing 
solid solution formation, (ii) lattice parameter study as a 
function of temperature, (iii) thermal hysteresis in transformation 
regions, sind (iv) Co-existence of phases in the transformation 
range 

3.5.1 Rocm Temperature Study. 

Solid solution compositions in the systems KjRb^_ x N0^ 

and Cs Rb n NO,, cooled from the liouid state, were examined 
x 1— x 3 

at room temperature, using CuK^ radiation. General Electric 
XRB-6 diffractometer and a OEXRD-5 x-ray unit with a 11,4 cm 



diameter Dcbye-Scherrer Camera were used for this study. 
Reflections with 20 < .60° were employed for lattice parameter 
determination^ . 

3.5.2 Lattice Parameters 

l . 

Powder diffractometer traces of RbMCL and its solid 

5 

solutions (Cs, Rb) and (K, Rb) RO^ were recorded as a 

function of temperature using Tempress Research furnace with a 

controlled on the General Electric IRD-6 x-ray diffraction 

unit. The powder sample was packed into a rectangular 

depression of the platinum sample holder which was inserted in 

its place in the furnace. Slits used were 1° collimator slit, 

medium resolution seller slit, and 0.02° detector slit. Scanning 

rate was 0.2° (28-) per minute and recording was at 12 " (or 

30,48 cm) por hour £i.e. 1° (20) per inch of chart paperj , 

Temperature was maintained constant within _+ 2° q for half-an- 

hour or more before recording the diffraction pattern. 

OuK , radiation was used . Lattice parameters were falcwlr.ted 
^ 1 

from reflections in the range 20° <20 <60. Maximum error in 
the measure ment of d values is therefore _+ 0.055 %. 

3.5.3 Thermal hysteresis 

Thermal hysteresis at the transformation region 

was studied by two methods : dynamic and static methods. 

The dynamic method described below is similar to 

63 

the one employed in the work of Wahl et al and SchneSr and 

r* q 

Whiting . In this method an angular range of 20 = 2 was 
continuously s«anned around the line (lio) by oscillating the 
diffractometer over this range during heating and around (102) 
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during cooling. During healing (llO) vanishes in III — ^ II 
transformation whereas (102) vanishes in the reverse transformation. 
While the diffractometer was oscillating to trace the same 
diffraction line the temperature was recorded as a function 
of time on a Moseley X-Y recorder. The heating rate was * 

l°c/Min and the scanning rate was 4°(2@)/Min. Time-temperature 
and 20-time graphs were utilized to find the 29 vs temperature 
record. Height of the x-ray line during heating and cooling 
was plotted as a function of temperature (Fig 5-4). In the 
static method, the temperature was kept constant and the (llO) 
as well c.s the (102) lines were recorded at each constant temperature 
while traversing the transformation region, continuing till 
(llO) vanishes during heating £(102) appears before (llO) 
vanishes! and until (102) vanishes during cooling £_(llO) 
appears before (102) vanishes^. A plot of peak, height vs 
temperature during heating and cooling yields a hysteresis loop 
(Fig 5.5). 

3-5.4 Cooxin bonce of Haases. 

Diffraction lines (llO), characteristic of phase III, 
and (102), characteristic of phase II, are recorded at each 
constant temperature in the static method. Appearance of phase 
II before III vanishes and vice versa is seen through the trace 
of those lines (Fig 5.2) 

3.6 Infrared Absorption 

Thin transparent pellets of EbNO^ and its solid 
solutions, prepared in the manner described in section 3.1, were 
placed between two asbestos paper rings and supported in a 
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n/rex glass hold or (fig 3*2). The pyrex glass holder consists 

>f two glass tubes sliding into each other. The diameter of 

+ho outer tube was reduced at one end so that the inner tube 

cannot pass through this end . The glass holder was placed 

inside in a pyrex glass double walled infrared cell (fig 3*2) 

containing e cylindericaL furnace. The cell- was mounted on 

the window of the infra-red spectrophotometer. This high 

temperature infrared cell is constructed following Vranty and 
65 

Graves . ’Vhile the furnace was heated, the* outside was 
cooled by forcing air through the double— wall. The temperature 
was r nntf iue-d constr.nt within 2°C by an Electromax temperature 
controller and measured by a chrom el-alum el thermocouple kept 
close to th sample. The spectra were recorded on a Perkin- 
ITLiii'T model 521, double boom Grating-infra-red Spectrophoto- 
meter. ‘ r ' i 

Figr: 4.18 and 4. 1C] chow the spectra of the transparent 
pullets of db ,r O^ nt different temperatures marked thereon and 

the figs 4. IB and 4-19 that of the* solid solutions 0s o _-Rb A n JUO_ 

u#xu u # yu j 

and Kq Q 2 Rl3 o 98 IJ °3 at roorn ' tam P era+ f ure ' 
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Fig, 3.2 High temperature infrared cell. (1) Chromel-aiumel 
thermocouple, (2) heater leads, (3) double -walled 
pyrex glass cylinder, (4) Nichrome wire wound 
(pyrex glass muffle) furnace, (5) Pyrex glass sample 
holder, (6) sample {pellet), (7) inlet and outlet to 
double-walled cylinder for air cooling and {3) a bras# 
strip to hold the cell onto the infrared spectrophotometer 
window. 


Chapter 4 


RESULTS 

I 

4.1 Electrical Conductivity 

4.1.1 Rubidium Nitrate 

A plot of c cnductivi 1y of RbRO^ vs 1000/T (T is 
the absolute temperature), on a semi-log scale, in the 
temperature range 120°C to above the melting point, is shown 
as the lower most curve of figs. 4.1 and 4.2j/. It is evident 

4 

from this curve, as pointed out by Brown and McLaren , that 
phase transformations in RbN 0^ are marked by discontinuities 
in electrical conductivity. The magnitude and the nature of 
the conductivity changes at the phase transitions are tabulated 

Conductivity change 
Sudden increase by a factor of about 
1000 (corresponding decrease during the 
reverse transform at ion) 

Sudden drop by a factor of about 100 
(corresponding increase during cooling). 
Gradual increase by a factor of about 3 
(gradual decrease by a factor of about 

25 in the reverse transformation) 

Gradual increase by a factor of about 200 
(gradw.il decrease by a factor of 35 during 
cooling), 
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below. 

Transition 
IV III 

III — > II 

II ^ I 

I — Liquid 





— ^ 0 "* T*mpf*rfura (*C) 



Fig. 4.2: Temperature dependence of electrical conductivity in 
the system K^Rbj^NOg. 
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The magnitude of the conductivity changes observed 

at II I and I — ;> II as also at I — > liquid and liquid — > I 

are markedly unequal. This is probably due to "the gradual nature 

of these .transitions . It is, therefore, expected that the 

magnitude of the steps observed in conductivity plots would be 

a function of the rate of temperature change. The orders of 

magnitude of conductivity changes observed here are in good 

agreement with those reported by Brown and McLaren^ (fig. 1.4) 

except during the first cycling. These data confirm the 

4 

observations of Brown and McLaren that the higher symmetry 
(cubic) phases (l and III) have high electrical conductivity 
and low symmetry phases (trigonal IY and hexagonal II) have 
low conductivity. 

The conductivity curve for RbNO^ also shows that 
for each stable phase a plot of log {J“vs i/T yields a straight 
line . This follows from the relation between the conductivity 
of a solid and its absolute temperature, T, i.e. 

or log ^p= log A - E/tT 

where A is a constant, E is the activation energy for conduction 
and k is the Boltzmann constant. From the slopes of these 
straight lines the activation energies of different phases of 
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EbNOj are calculated and arc given below (table 4.l). 


Table 4.1 Activation energy for electrical 

conduction for different phases 

of RbNO, 
o 

Activation Energy E (evj 

during heatin g | during cooling 


Phas c 


II 

0.92 

0.64 

III 

0->j 0 

') - '10 

IV 

0.88 

1.03 


Although no activation energy values are given by Brown 
4 

end McLaren a comparison, of the relative slopes of the straight 
line portions (fig 1.4) in different phases of RbNO^ } show© that 
the values of activation energy for the- three different phases 
as tabulated hero are of the correct relative order. It is clear 
from tablu 4-1 that the high symmetry phase (i.e. phase III) has 
a lower activation energy as compared to low symmetry phases 
(phases IV and II), ss expected. Also out of the low symmetry 
phases, the ono at lower teiperature (phase IV) has a higher 
activation energy as compared to that at higher temperature 
(phase II ) . This is again an expected result . 
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Tho phase transf ormation temperatures during heating 
and cooling, observed from the conductivity plot for RENO , are 
shown in table 4.2. The difference between these temperatures 
gives the temperature hysteresis at these transformations. 

The transition temperatures found by the various 
methods of study are in reasonable agreement with each other 
and with those in literature. The temperature hysteresis at 
the III — ■> II transition found by static x— ray method agrees 
well with that reported by Calorimetric method^. Other methods 
of study give larger temperature hysteresis. This is probably 
due to relatively faster rates of heating and cooling. In 
this connection it may be noted that the fastest rates of heating 
and cooling are employed in the DTA study. 

4.1.2 Solid Solutions in Systems Cs Rb n NO, and K Rb_ NO,. 

x 1-x 3 x 1-x 3 

In figs. 4.1 and 4.2 are plotted, on a semi-log scale, 


the conductivity vs reciprocal absolute temperature for Cs Rb_ NO, 

x 1-x 3 

and K^Rb^^NO^ systems respectively. Data obtained during heating 


md cooling are shown. The phase transition temperatures in 


these systems, during heating in Cs Rb_ NO system and during 
heating and cooling in K Rb n NO, system, are summarised in 

3C X^OC j) 

(onsite tJlL ^ -2_) 

figs. 4.3 and 4.4 respective! .jj. The general features of the phase 
diagram ; Fig. 4*3, are reproduced by the conductivity data on cooling 
(not shown in the figure ) . 
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TABLE 4*2: Phase transformation temperatures during heating 
c -nd cooling. 


Value 
of x 


Transition temperature (°c) 
f)TA Conductivity Pilatometri X-ray 


Other methods 
h c 


170 159 159 145 

. ( q ) ( a ) 

i (Z A s ' a c a\^ J a c a 


x=0 164'~' 1 

16^ 7 >153 47) 


164' 4 ^161 ^ 


1 60^" 4 ^ 

160^ 44 ^ 

164.4 (45) 

-,,,(61) 


fx=0 • 05 168 

,Rk NO ) x=0 ■ 1 0 166 

* t-X 3 I 

(x=0-20 152 


Ri> NO 

■ t-K 3 


InO. 


x=0 • 02 170 
x=C .04 163 


155 

162 

155 

158 

148 


152 

158 

154 

154 

144 


140 

156 

148 

145 

132 


158 

167 

151 

156 

147 


153 

166 

147 

155 








fl d 

213 

229 

206 

216 

198 

236 224 

1 

230 

( 4 >218^ 4 ) 



231 s 223 s 


219 23 

228^' i7 ^02 ( ' 47 ' ! 


219+2 

- (4) 

220 v ^ ' 

2ig(5) 

1QQ .ft^ 2 ^ 


199.8 

218 44 ^ 
oon(45) 


218^ 44 ^21 1 ( 44 ^ 


Rfc> MO" 
t 1 -xj. 

fx~0 ,05 

250 

230 

252 

237 

240 

220 

250 d 

240' 

X 

It 

0 

0 

267 

244 

274 

257 

258 

240 

27 1 d 

262 ( 

( 

L,x=0.20 



283 

269 





Ri> NO" 

fx=0 -02 

218 

196 

225 

185 

208 

178 

223 a 

199 1 

> 

) 








^ K3I 

Lx=0.04 

204 


214 

164 

190 


206 

190 


d 245 (61) 
d 261< 61 ) 
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TV BP? 4-2 (Continued) 


Transition temperature (°c) 


''ye tern Value 

of x 


HT/I 


"lonductivity '''ilotometri- ray Other methods 


h 


h 


h 


h 


h 


291 


( 8 ) 


284 274 

M 


282 


RLNO, 




278 ^ ^270 


269 263 


282+1 


( 2 ) 


290 

284 

281 


14) 

(5) 

(44) 


'x=0 -05 

G x fii>NQjx=o.io 


K.Rt noT° n 

* l-x 2 > (x=0 • 


x=0 .20 
'x=0 -02 

Of 277 


2S8 

292 

292 

274 


270 

281 

285 

263 


274 


264 251 


rubels: h and c represent heating and cooling, d and s stand for dynamic 

and static methods of Y -rny investing-ations Numbers in parenthesis 
indicate reference numbers I>TA temperatures of the present study and 
of reference 47 refer to the temperatures of the peak of the DTj\ curves. 
Values of ref- 61 are obtained from the phase — diagram of Cs Bb N0_ 



URE ("C) 



Fig, 4. 3 Phase transitions in the system 

Cs B.b, NO„, based on electrical 
x 1 -x 3 

conductivity data during heating. 
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The symbols I, II, III, IV and. 'liquid' in these diagrams 

denote the different phases of RbNO, as described in section 

5 

1.2, The temperature range of transformation is indicated 


by the length of the vertical line at each point on these 
curves (figs 4.3 and 4.4). The effect, of substitution of 

“f“ + -f- 

Cs or K for Rb in RbNO^, on the discontinuities in conductivity, 
conductivity of different phases and transition temperatures 
is given below in tabular form (referring to figs. 4.1 and 4.2) 

As x increases 


Cs Rb.. NO, 
x 1-x 3 

System 


K Rb_ NO, 
x 1-x 3 

System 


(i) Transition 

Decreases 

Shifts slightly 

temperature 

II ^ in 

slightly 

to lower temperatures 

(ii) Transition 

Marked shifts 

Shift to lower 

temp erature 

to higher 

temperatures is 

III ^ II 

temperatures - 

small during 


slightly more 

heating and very 


during cooling 

large during 


than during 
heating 

cooling 

(iii) Discontinuity 

(a) Becomes 

(a) Grows extremely 

III ^ II 

increasingly 

sluggish —largely 


sluggish 

during heating only 


(b) Disappears 

(b) Disappears 


between 20 and 

during cooling 


25 mole % of 

at a little 


CsNO, 

3 

above 5 mole % 

KNO . 

Does not vanish 
during heating 


(iv) Transition 
temperature 
II ^ I 

(v) Discontinuity 
II ^ I 


Shifts slightly Moves slightly to 
to low tempera- lower temperatures 
ture side 


Vanishes at 

10 mole % CsNO, 


Continues through- 
out the range of 
solid solutions 


- 49 - 


(vi) Mixing 
limit 


(a) Between 20 and 
25 mole % CsUO, 
for phase II. ^ 

(b) Probably 10 
mole % CsNO, 

for phase I. 


During heating it 
seems to fade at 
/v O. mole % KUO, but 
becomes prominent 
at higher concentra- 
tions. During 
cooling fading is 
seen at av 4 mole % 
KUO, 

A little above 5 
mole % KUO 
for phase ill 
(from conductivity 
data during cooling) 


(vii)- Melting 
point 


(viii) Conductivity 
of (a) phases 
III and I, and 
(b) phase II. 


Decreases slightly 
till the mixing 
limit after which 
it appears to 
increase 

(a) Decreases and 

(b) Increases 


Is lowered slightly 
till the mixing 
limit after which 
it seems to rise 


Decreases in 
all these phases 


As seen from fig. 4.1, at concentrations greater 

than or equal to 25 mole % CsUO, in Cs Rb n U0 system, there is 

a transition directly from phase III to the melting region. 

The phases III, II and I have all merged with each other. 

Structurally, the phases IV and III of RbUO, are probably similar 

5 

13 

to the two crystalline phases of pure CsNCy. Crystallographic , 
49 36,37 

thermodynamic and high pressure data also suggest a similar 

possibility. 

It may be noted from the cooling curves of fig. 4.2 
that the region of phase II, in K Rb U0 system, is getting 
widened very fast with increasing x. This continues to the 
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point of non-existence of phase III at a little above 5 mole % 

KUO, which may thus be regarded as the limit of mixing of KUO, 

■> 5 

in phase III of RbUO, . 

5 

58 

These data confirm the following observations of Dantsiger 

on K Rb_ UO, sytem : (i) the solubility limit during cooling is 

between 3-5 mole % KUO^, (ii) III II transition point shifts 

to low temperature side and is increasingly smeared out, and 

(iii) IV— » III transition does not disappear at all. Also it 

61 

confirms the observations of Dantsiger in Cs Eb n BO, J (i) the 

X J- - “X 2 

transition III II shifts to high temperature side, and (ii) 

the limit of solubility lies at x ^>0.20, The phase diagram of 
the present study compares well with that of Dantsiger (fig. 1.9) 
who could draw this diagram only for phases II, III and IV. 

4.1.3 Dhase I 

3h the conductivity plots, Ehase I which precedes 

melting was quite *learly observed, delimited by discontinuous 

changes in conductivity at each end (figs 4.1 and 4.2), in 

4 C6 

contrast to the conclusions of Brown and McLaren and Dantsiger . 
Brown and McLaren detected the transition II ^ I in 
compressed powder pellets of RbUO^ as only a change of slope in 
the graph of log (•onductance) vs reciprocal of absolute 
temperature. Dantsiger could not observe phase I in his dielectric 
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measurements on cooled melts of Cs Rb-. N0_ system siiiQfi* 

3C JL*-X ^ 

according to him. the lower boundary of phase I was too close 
to the melting region. The existence of phase I has been 

4 5 

confirmed by other measurements such as x-ray diffraction ’ 

• 44 

infrared absorption, specific heat , differential thermal 

8 2 
analysis and dilatometry . 

4.2 Thermodynamic Parameters by Differential Thermal Analysis 

The differential thermograms i.e. a plot of AT 

(temperature difference between the sample and reference material) 

vs temperature of reference, obtained both on heating and 

cooling are shorn in fig 4*5 for Cs Rb NO system and in fig 

X jL’—X Z) 

4.6 for K Rb_ N0„ system. Erom figs. 4-5 and 4.6 it can be 
X X Z) 

seen that as x increases : (i) Transformation temperature IV III 

is shifting slowly to low temperature side (ii) Transformation 
temperature III II is shifting markedly towards high 

temperature direction in Cs Rb-. N0_ system and in the 

X -L*~X 2 

opposite direction in K Rb NO system. In the .latter system 

X J-*“X j 

shifts are more pronounced during cooling than during heating. 

(iii) II ^ I is shifting slowly to low temperature side. 

As seen in section 4.1,2 the transformation III II grows 

sluggish with increasing concentrations of CsNO^ and KNO^ . 

It is evident from figs 4-5 and 4.6 that this slow nature of 
the transformations except f or X-=* 0.04 in fig 4*6 is not detected 





AT 



_j i i : i 

160 200 240 280 

Tcmpcmturc/C — ** 


Fig. 4.6 Differential thermograms of K^Rbj^ NOg system 
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by differential thermal analysis. A somewhat similar conclusion 

47 

was reached earlier by Eao and Eao . It is also seen from 

figs 4.5 and 4.6 that transformation III II vanishes at 

x = 0.20 in Cs Eb_ UCL system and II — ^ III at x = 0.04 in 
x 1-x 3 

K Eb- NO, system. These conclusions, from the DTA data, confirm 
x 1-x 3 

those derived from the conductivity data. 

Heats of transition are calculated from the peak 
areas in DTA curves using the formula (Appendix A) 

AH = H ml A 2 M £ 

m2 A Oi 
1 1 

♦ where H represents the heat of transformation of a standard 

material (EbNO^ in this case); A^, A^ are the areas of the 

respective peaks for standard and sample, m^, m^ are the masses 

of the standard & sample materials and M^, their respective 

molecular weights. The molecular weights are the weighted mean 

of the molecular weights of the host and the dopant in the ratio 

of their composition in the solid solutions. The •alculated 

values for the heats of transition are tabulated (Table 4.3)* 

44 t 

The value of heat of transition given by Mustajoki (i.e. 932 

cals/mole for IV —*111 transformation in EbETO^) has been assumed 

l 

for the calculations of ^H for the solid solutions. 
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Table 4.3 Heats of transitions (AH) and thermal energies 
of activation (E ) from ETA curves. 

£L 


Transition IV Transition III II 

g--c — E„ 


Material 

Ca^mole Ec t 

*.l%iole 

Cal^mole 

Kcal^mole 

Literature 

Values 

9^592^95^ 

47 

165 

76f;77t?65$ 7 

5 S 7 

RbNO 





. Ere sent 





, study 

- 

166 

610 

104 

^o.os^o.gs^S 

1165 

110 

573 

175 

Cs 0.10 Eb 0.90 N0 3 

1022 

97 

372 

136 

^ S 0.20 Eb 0.80^°3 

795 

107 

- 

- 


1262 

108 

681 

72 

K 0.04 Eb 0.96 N0 3 

885 

128 

717 

60 


The energy required for a transformation (i.e. the 

energy of activation Ea) can also be calculated from the DTA 

64 

curves using the method of Borchardt and . Daniels . For this 

, 64 

purpose the rate constant k of a reaction given by 

k = -*L_ 

A - a 

is determined. Here A represents the total area under the DTA 
•urve (peak), ’a' and ’ ,£!’ are shown in fig. 4.7. The log k 
vs l/T plots are called the activation energy plots. These 
are shown in figs 4.8 and 4.9 for IV — ^-III and III II 
transformations in HbHO^j Cs^Rb^^H 0^ and K^Rb^^N 0^ systems. 



Temp.Cn 

Fig, 4. 7 Schematic DTA curve showing the 

quantities in the rate equation k = AT/ A- a 
(ref. 64). k is the rate constant and A is 
the area under the curve. 



Fig, 4. 8 Activation energy plots for Iv ** IH transformation 
Graph «1« is for RbNO^; 3, 4, 6 for Cs x R^^NO 

(x - 0,05, 0*10, 0*20) and 2, 5 for K^Rb^^NOg; 

(x = 0*02, 0*04). 


00 
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!Pron the slope of these straight line plots Es£ is calculated 
using tile formula (Appendix b) 

Ea = 2.303 RK slope of activation energy plot), 
where R is the gp.s constant. Ea values thus obtained are 
listed in table 4 3 . 

47 

According to Rao and Rao the H and Ea values 

obtainable from the DTA study have an uncertainty of + 15 %• 

The values of activation energies E. for IV — > III 

& 

transformation, and heats of transition AH, for III — ^ II 

65 

* According to Rao et al there is a considerable 

controversy regarding the evaluation of k, the first order 

rate constant, and Ea from the DTA curves. Inspite of the 

controversy it may be reasonable to compare values of E^ in a 

related scries of systems. Further, obtaining good linear plots 

of log k vs i/T serves as a satisfactory criterion for obtaining 

47 

meaningful values of Ea 
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transf ormation in the case of RbNO, are in reasonable agreement 

Ary ( 

with those of Rao and Rao (Section ,|-6). The activation 

energy value for III — ^ II transf ormation 

in • 0 - FKNtT^ $ - as determined here, does not agree with 

47 

that of Rao and Rao . The larger value for activation energy 
observed here is consistent with the reconstructive nature of 

5 

transition at III — II, as reported by Kennedy . 

The value of AH at the IV III transition seems 

to decrease with solid solution formation. It may be recalled 
that this transition temperature is affected only slightly by 
ionic substitution. On the other hand, at the III ^ II 
transition, which is affected markedly by ionic substitution ,A,H 

+ 4 - 

decreases and increases on replacing Rb by Cs . Replacement 
+ + 

of Rb by K has an opposite effect. 

4.3 Thermal Expansion Measurement by a Dilatometer 
Eigs 4.10 and 4.11 show the plot of 
temperature for the Cs^Rb^ and K^Rb^ systems^ The 

coefficients of linear thermal expansion (on heating) vs 
temperature are shown in figs 4.12 and 4-13- Erom figs 4.10 and 
4.11 it can be seen that, (i) the anomalous thermal expansion at 


^Av s 





A l/l 



Figo 4. 11 Thermal expansion as a function of temperature for the 
K^Rbj system. 



^s x Rb-j. x N03 System 



expansion as a function of temperature for C 



ISO 200 240 


160 200 240 


160 200 240 


Temperature 
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III — ^ XX transition is larger than that at the IV — > III, 
which in turn is larger than that at the II— I phase change 
(table 5,2) (ii) with increasing Cs + or K + concentration, the 
anomalous expansions, at IV — ^ III and III — -^11 phase changes, 
decrease during heating and increase during coding, (iii) 

IV III transition temperature decreases slightly with 

* . -f- -f- 

increasing Go or K concentrations, transition temperature 
III ^ II shifts substantially to high temperature side in 
CS x Rb l-z T O3 aftd in the opposite direction in K Eb NO 

system, (iv) transition III II is increasingly getting 

smoTed out with increasing Cs + or K + concentrations, (v) high 
temperature end of phase II stays nearly constant in both 
(Cs, Eb) NOj and (K, Eb) systems, its low temperature 
end shifts with concentration to higher temperatures in (cs,Bb) 
NO^ system and in the opposite direction in (K, Eb) 10^ system. 
Hence in fig 4.10 phase II is getting squeezed out and in 
fig 4.11 it gets widened. Haase III is gradually vanishing 
with concentration in (k, Eb) NO^ system — faster during 
cooling than during heating. It is getting widened in (Cs, Eb) 
NO^ system with concentration and (vi) the temperature at which 

- 4 * 

the material becomes plastic decreases with concentration of Os 
or K + . It is probably duo to the lowering of the melting point. 



These conclusions are in confirmity with those in 


sections 4.1 and 4.2. 


4*4 Thermal Expansion Study by X-ray Diffraction. 

The plots of lattice parameters as a function 

of temperature in the range 25 — 300°C are shown in figs 4 .14 

to 4.17 for RbNCL and its solid solutions; The lattice 
5 A 

parameter data of RbNCL given in fig 4.14 are replotted in 

3 

fig 4.15 where the reduced lattice parameters represent one 

a iV °IV 

formula unit of EbllO^ in each phase. Thus, 3X6 

plotted in place of a iv and c IV , the hexagonal lattice 

&TT ^tt 

parameters of phase IV, and — and in place of the 

hexagonal parameters a n and c llof ph4se II. The inter- 

/ 

relationships between the *nit cells of different phases af’e 


. ; 


discussed in section 5.1.3. 


/ / 


It can be seen from fig 4.14 that c and a in phase 

1 

IV, a in phase III and c in phase II expand with temperature 

whereas a in phase II contracts with temperature. Dig 4.15 

a i c j y ^ 

shows that in phase IV, -jg- expands while contracts near 

S» 1 

the transformation temperature to become equal to IIIwhi*h 

expands with temperature. a ill represents the lattice constant 

9 . 

of phase III. 3h phase II,-==- contracts with temperature, 

P 

a II 


whereai 


expands. 



Lattice parameters (A) 



Fig. 4.14: Variation of lattice parameters of the four solid 
phases of RbNOj with temperature* 



Temperature (°C) 


4. 15 Temperature dependence of reduced lattice parameters of RbNO, 
The lattice parameters of each phase are reduced to include one” 
formula weight of RbNOj. 




Table 4.4 compares the lattice parameter values of 


different authors with those found in the present study. 


Table 4.4 lattice parameters of different phases 

of RbNOj as studied by different authors 



" 





Phase 

Type of 

Authors 

Lattice 

No. of for- 

Lattice parameters 


study 


parameters 

mula units 
per unit cell 

of present study 

IV 

Single 

Brown &. 

4 

McLaren 

Trigonal : 




crystal 

a = 10.51A° 
c = 7-43A° 

9 

a = 10 . 51 A q 
c = 7.43A 

-do- 

-do- 

Pauling# 

Sherman^ 

Hexagonal: 
a = 10.45A° 
c = 7-38A 

-do- 

* 

III 

-do- 

Brown& . 
McLaren 4 

Cubic : 

, ,o 

a = 4.36A 

1 

a = 4.36A 0 

-d< — 

Powder 

photcu. 

U.Korho:- 

11 

non 

Cubic 
a = 8.74A 

4 



graph 


II 

Powder Brown &„ 
diffra- - Mc ^ ea 
ctometry 

Tetragonal : 
a=6 .19 A° 
c=8.74 A 

4 

a = ' 5 • 5 1 A° 
c = 10.74 A 

-do- 

-do- -do- 

Hexagonal ; 
a = 5 • 48 A° 
c =10. 71 A 

3 

I 

Powder 

dlffra-* 

ctometry 

Cubic : 
a = 7-32 A 

4 

a = 7.30 A° 


* This value of lattice constant does not exclude the possibility 

11 . 

of the cell of double this size, proposed by Korhonen since 
the nitrogens and oxygens do not contribute much to the X-ray 
reflections and hence not identified here. 



The variations of reduced lattice parameters with 


temperature for and K 0>04 R> >o.96 K0 3 are shown 

in figs 4.16 and 4.17 respectively. The data are similar 

to those recorded for BbfIO_. A widening of the temperature 

3 

range of stability of phase III with the addition of Cs a 

narrowing of this range with the addition of K is quite apparent 
from these figures The lattice parameters are observed to vary 
non -linearly in the close vicinity of the phase transf ormations 

(see e.g. the II — ^1 transformation in Rb o.96 W0 3 ^ f ' iS * 

The thermal expansion behaviour of phase IV of RblTO^ 
(fig 4,14) is in confiimity with the dilatometric results of 
Dontsiger and Fesenko 2 ^ (fig 1.6) who find that single crystals 
of RbNOy in phase IV, expand both along the trigonal axis as 
well as in a direction perpendicular to it (section 1.5)* 

However, in contrast to the contraction along both the axes 
of phase IV at IV— » III transformation and also in phase III 
reported by Dontsiger and Fesenko 2 *, the present results indicate 
that one of the axes of phase IV expands and the other contracts 
at IV — >111 transformation and the unit cell edge expands 

17 

in phase III. These results confirm those of Kennedy who 
carried out X-ray diffraction .study of single crystals of 
JibNO « Due to the disruptive nature of the III ^ 

3 

formation the axial length changes recorded by Dantsiger and 




Fia 4 1 6: Temperatur e dependence of reduced lattice parameters 
‘ of Csq 05 Rb 0 95 N0 3 . The lattice parameter of each 
phase are reduced to include one formula weight. 


1-69 



Fig.. 4. 17 T emperature dependence of reduced lattice parameters of 

.Kq 04 Rb O 96 N °3* Tile lattice parameters of each phase' are 

' rllfed'ed to include one formula weight. 


Fesenko' 


’ us a dilatometer, at III— ^ II transformation 


26 

and above cannot be easily compared with the x-ray diffraction 
study and also the dilatometric study of the polycrystalline 
material (section 4 . 3 ). 

The coefficients of linear thermal expansion and 

percent changes in lattice spacings calculated from the lattice 

to 4.17 

parameter values (figs. 4 15/0are shown in tables 5*1 and 5.2 
respectively. 

4.5 Infra-red 4baorption 

The infrared absorption spectra of RbNO^ at different 
temperatures are shown in figs 4-18 and 4.19. It is seen from 
those figures that three components are observed in each of the 
regions of the fundamental modes (1036 to 1056 cm ' L ) and 
( 708 to 764 cm '''). Figs 4.18 and 4.20 show that three 
components are also observed for the mode (816 to 838 cm "*") 
in the room temperature phase. The positions and relative 
intensities of these modes in different phases of RbUO^ are 
listed in table 4.5. 

As the temperature is raised the fundamental 

r 

absorption peaks in phase IV slightly diminish in intensity 
as well as show a little shift to the low frequency side 
(figs 4.18 and 4.19 and Table 4.5). 




mental vibration modes 



1090 1070 1050 1030 1010 990 970 950 930 

Frequency (Cm'*') 

Fig. 4.19 Changes with temperature both in the intensity and 
the number of components of fundamental vibration 
mode of NCC ion in RbNOg. 





TbBIS 4^5: Fundamental modes uf vitrs ticn of ^70 ion in different phases of Rb 
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Fig* 4. 20 Variation with temperature in the intensity of fundamental 
modes Vp and of NOg ion in RbNO^. At 208°C the 
traces shown were obtained after attenuation of the reference 


beam. 







Ih phase III each mode has only one component (figs 
4.18 and 4 . 19 ). As the temperature is raised the fundamental 
modes phase III go on diminishing in intensity. 

At 20? C their intensity has gone down so much (fig 4.20) that 
to observe them in this phase the reference beam in the double- 
beam spectrophotometer has to be attenuated using Perkin— Elmer 
attenuator attachment A comparatively large shift in frequency 
and a slight increase in intensity at IV -^.III transformation 
are also observed. 

As the temperature is raised above 220°C phase II 
appears As already pointed out, the fundamental absorption 
peaks became too weak to be observed above 207° C. Therefore 
infrared spectra in phase II at different constant temperature® 
in the range 230°C upto 2fO°C were obtained using the techniques 
described by Greenberg and Hallgren 52 as well as by a suitable 
attenuation of the reference beam. 

At a constant temperature two records of transmittance 
vs frequency were obtained on the chart paper — one with the 
shutter of the sample beam open and the other with the shutter 
of the sample beam closed The difference of transmittance 
readings, corresponding to each record, was plotted as a 
function of frequency. 3h figs 438 and 4.19 the curves at 
temperatures 2?0 0 C, 2?5°C and 294°C were obtained in this manner. 



t ^ 


The above method was adopted by Greenberg and Hallgreri 
r,n the following; reasoning. When the sample beam shutter is 
cloned the detector is activated by thermal radiation from 
the infrared coll and the pellet specimen. The specimen may 
doo have specific emission at those wave lengths at which 
there is maximum absorption. The fact that there are 
relatively high specific emissions from the specimen is 
to be expected since is of the same order of magnitude 
ns kT. 

It is evident from figs 4-18 4.19 that no 

fundamental absorption peaks ( V, ? U x j are 

soon at 230°C and 275° C i.e. in phase II. 

When temperature is raised to 285°C phase I appears. 
?iga 4.18 and 4.19 (at 294°c) show that the absorption peaks 
at fundamental frequencies reappear. The fundamental 
absorption peaks started appearing to a small extent at 
285°0 but became prominent at 290 C and 294 C (not shown 

in figures) . 

In the solid solutions the spectra at room 
temperature (figs 4.21 and 4.22) show that V, , V z and ^ 
frequencies shift to lower frequencies with Cs* impurity 
(larger cation else) and to higher frequencies with K* impurity 
(smaller cation site), fable 4.6 gives a comparative study 
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n|' fund; mental modes of ¥0_ ion in the solid solutions at room 

3 

temperature 1 . 

In general the intensities of absorption peaks 
of fundamentals reduce by Cs + substitution and get enhanced 
during K f substitution (figs 4.21 and 4.22). 



Chapter 5 


DISCUSSION 

3.1 Thermal Trnperties: 

3 1 *1 Thermal Expansion Coefficients. 

Hie slopes of the straight line portions of the dilate- 

metric curves, presented in figs. 4.10 and 4.11, represent the 

coefficients of linear thermal expansion of ICae stable phases of 

and its solid solutions These are summarized in table 5.1* 

2 

Cleaver et al have given the volume thermal expansion coefficients 
for phases IV and III of RbNO^ One third values of these coefficients 

arc listed for comparison with these- of the present study. Also 

♦ 

included in table 5-1 are coefficients of linear thermal expansion 

rf the lattice spacing^aid — — - per °C from the X-ray data. The 

3 

coefficients of expansion, of lattice constant s^in ^ phase IV of EbNO^ 
are reported by Kennedy et al^^ (section 1.5). The corresponding 
values obtained in the present study (Table 5.1 ) are in reasonable 
agreement with those. 



the same and close to the value of linear thermal expansion coeffi- 
cient obtained from the dilatomatric measurement, whereas the ^ 
values of the hexagonal phase II are strongly anisotropic. The ^ 
values determined from the lattice parameters are in fair agreement 
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quoted here are _ of the coefficient of volume expansion 


- 86 - 


with the, dilatometric results in phase IV (where the anisotropy 
o.t thermal expansion is small) and in phase III (which is cubic) 
but not in phase- II, due to the large anisotropy of axial expansion. 

The o( value for phase I recorded in table 5-1 may be 
smaller than the real value, since the expansion here is likely 
to bo partly offset by the plastic deformation of the sample 
under the- weight of the quartz tube carrying the optical lever. 

It mt-y be mcalled that this phase exists over a narrow temperature 
range just below the melting point, 

5.1-2 Volume and length Changes at Phase Transitions: 

Table 5-2 gives percent changes in length and lattice 

s pacings, at the transition points, from dilatometry (figs. 4.10 

and 4-11 ) and X-ray data (figs 4 14 to 4.17). 

The length changes observed here correspond fairly 

( 2 ) 

well with tho volume changes reported in the literature at 

the various transition points, except for the value reported by 

Ubbeloh.de at the IV->III transition. Lattice parameter 

(17 ) 

changes were reported by Kennedy et al at the IV— > III 
transition and these values agree with the present results in 
sign but not in magnitude The difference in the values of the 
lattice parameter changes observed at the transformation, of the 



TA'RT.t: 5,2 Percent changes length at the phase transitions in KbITO ana its 
solid solutions . 
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,ji < ,.unt otudy and those of Kennedy, may he probably due to the 

reduced lattice parameters plotted here (fig. 4.15). The relatively 

.sKiu.ll axial changes observed at this transition are indicative of 

n displacivc' or order-disorder transformation. 

On the other hand, the axial changes at the III — 5 , II 

nnd 1 1 ■' are much larger, suggestive of reconstructive phase 

ulvingeo, The. linking and fragmentation of crystals at the III— ^-11, 

reported by Brown and McLaren^ are no doubt due to the drastic 

distortion of the crystal lattice. The length changes observed 

( 2 ) 

in the present work and the A V reported by Ubbelohde at the 
II — > I transition are fairly small, in fact, smaller than at the 
IV~>III transformation., However, the X-ray data shows substantial 
changes at the II— ^ I transition, though not as large as at the 
III — >11 phase change. The reason for not recording large length 
changes with the dilatometer as the X-ray data suggest may be 
because the sample may have become plastically defoimed. 

5.1.3 Difference in the Thermal Expansion Plots of Dilatometrlc 




A^jxIC? or V3(-^-) xl 


T 


^ 60 


RbN 03 

a Dilatometric heating data. As 

° X-ray data, static £ ■ 

measurement r 


hex" 


12 

^'6 ^ 


X^tct 


0^5 ^5 140 160 220 260 300 

Temperature (°C) 

• data f r om dilatometry (A^/ft) during heating 
Fig. 5. 1 Thermal espansion ,% , y)l obtained alter thermal equilibrium 
and X-ray data (1/3) (A / b solid phases of RbNO . 

ha, been attained. I, H, m ““ lv hexag0 nal (tt, 1 

x.rav data lor the tetragonal (11^) and nexago u h ex'. 

structures of phase II are ,ho W n. 
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et indie.' tod temperatures after equilibration. The symbols I, II, III 
■■ ud TV represent the different solid phases of RbNO^ (section 1*2)* 

It io clear from the figure that at IV-*- III, III— *H and II— >1 
tr-mr. formations both data show thermal expansion while in phase II 
contraction is observed by X-ray measurements and expansion by 
dilatometric studies. 

Tt mry be seen from fig. 4-14 that, (i) after III— ^ II 

transformation there is expansion along the c-axis in phase II 

• md (ii) contraction along the a-axis of phase II. The result is 

1 ( AL. ) vs temperature plot declines at higher temperatures 

3 V 

(fig. 5-1). To explain the expansion in phase II (as seen in the 
dllatometrlc curve) it seems reasonable to conclude that, after 
•f n_~>n transformation, there is some preferred orientation along 
the c-axia which s^Aows expansion, as observed by X-ray data. 
Therefore, the dilatometer, which measures expansion only in one 
direction (i.e along the length of the rod specimen), records 

expansion (see also Table 5 l) 

For phase II, both the tetragonal and hexagonal cell 

, . , ++in(J _AL vs teiperature in fig 5*1 * 

parameters are used in plotting v 

It is clear that the large thermal expansion at the IH^H 


transformation and the smaller one 


at the II — >1 transition, 
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rvtd in the dilatometric experiment, cannot be accounted for 
b<>w.L„ of a tetragonal cell for phase II The hexagonal 
on the other hand, gives a satisfactory agreement between 
the dilatometric and X-ray results- 

J.1.4 Co-existence of Biases and Thermal Hysteresis in the 
Transforma tion Region s : 

According to Ubbelohde^^ ^ the phenomena of thermal 
hysteresis can be readily understood on the basis of coexistence 
of phases in the transformation regions For instance, if phase 1 
transforms to 2 by a volume expansion, then 2 is growing in a - 
matrix of 1 and is under compression In the reverse transforma- 
tion 1 is in the matrix of 2 and is under tension So the two 
paths for the transformation are not identical, which gives rise 
to hysteresis 

The transformation regions for IV ^ III and II I 

are quite narrow. Very good temperature control is essential to 

see the coexistence of phases in these regions. Kennedy, Taylor 
(21 ) 

and Patterson have used micro-thermostat and polarised light 

to see the coexistence of phases in IV^ III transformation 

region and have reported a teiperature hysteresis of 0.1 °C in 

0 

fresh crystals* The maximuta hysteresis was found to be 1 C 



r.ltf.r recycling this transformation several times. 

In III II transforation coexistence of phases in the 
i orra . tion region is readily established by X-ray diffraction 
thod^. The (lio) reflection is characteristic of phase III and 
(lO^) i,, characteristic of phase II. In the transf ormation range, 
f .Ji< temperature was held constant at different values and (lio) 

.oid (lO/) reflections recorded by slow scanning. Pig. 5.2 shows 
the data for ^0.04^0-96^^3’ ^ ^5°C, only phase III is present. 

On heating to 208 and 222 C, the intensity of the (lio) line of 
phase: III gradually decreases as that of the (102) line of phase 
TI increases ' nd finally, at 225°C, phase III disappears completely. 

On cooling, phase III does not appear until the sample is cooled 
to 206 °C, which is 19°C below the temperature at which it disappeared 
on hurting. rn he amount of phase III increases at the expense of 
phase TI on further cooling to 203°, 198°, and 192°C and only at 
185°C docs phase II disappear almost completely. Thus the coexistence 
of phases in the transformation region and the temperature hysteresis 
arc; clearly seen in fig. 5.2. This coexistence of phases along with 
the thermal hysteresis can also be seen by referring to fig. 5*5. 


Thermal hysteresis at the phase transformations is 
easily seen by referring to the conductivity plots (fig. 4.1 & 4.2) 
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nri'i diln tome trio curves (figs 4-10 & 4~1l), Thermal hysteresis 
curves shown in fig. 5.3 f or IV~Mn and III^TII transformations 
cr’i drawn from the differential thermograms^ These curves plot the 
.•mount transformed vs temperature, obtained from heating and 
cooling curves The amount transformed is the ratio of the height 
of a point on the DTA curve (peak) to its maximum height. This 
mothod of plotting the hysteresis loops from DTA curves follows 
that of poo and Rao^^. 

Temperature hysteresis in III ^11 transforation has also 
been studied by static and dynamic methods using X-ray diffraction. 
In the dynamic method, plotting the height of the characteristic 
v-r- y diffraction line (which is proportional to the fraction of 
Ihv transformed phase) as a function of teiperature during heating 
•ntj cooling gives the hysteresis loops for the materials under 
study The hysteresis loops so obtained are shown in fig. 5*4^ 

The slope of the vertical portion of the hysteresis loop, in case 
of RbSfO , shows that the transformation is quite sudden whereas 

3 

_j_ HP 

It grows sluggish with increasing concentration of Cs or K , the 
hysteresis loops become increasingly slanted with concentration. 

The hysteresis in temperature decreases with Cs concentration ss 

material- Reverse is the case with K 


compared with the pure 
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con centr tion. In this connection a remark may be made about the 
wide vortical hysteresis loop obtained for Cs 0 ^ Q Bb Q Q ]J0 5 at 
III ^ IT tran, "formation from DTA curves (fig 5.3) The heating 
and cooling differential thermograms are not traced separately for 
III ^ II transform .tion due to its closeness to 11^5^1 transforma- 
tion and due to high rate of heating (as compared with other 
methods of study) and uncontrolled cooling the spread of peaks 
in not properly shown by DTA curves and hence instead of getting 
a slanted loop (as determined by X-ray studies (fig 5-4)) a wide 
vortical loop is obtained. 

In the static method, the height of the (102) peak, 
which rives the amount of phase II transformed, is plotted versus 
temperature This yields a hysteresis loop. Plotting the peak 
heights for (110) reflection during heating and cooling gives the 
‘tin nun t of phase III transformed vs temperature. Overlap of loops 
shows coexistence of phases in the transformation region (see 
5,5) ijthig figure is representative of the data on the 
co-existence of phases in III-^II transition region. This is 
shown here for ^ 0 , 0/ ^ 0 . 96 W 3 for the reason that the co-existence 
of phases is observed over a larger taperature range than in the 
case of the pure material and other solid solutions. The width 
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Fig. 5. 5: Thermal hysteresis and coexistence of phases III and II in transition region III ^II( static method). 
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of the loops in the present case is smaller than in the dynamic 

.uthod . This is probably due to the fact that thermal hysteresis 

is a function of rate of temperature change. 

The extensive solubility of CsIO^ in RbRO^ compared 

to rnther small solubility of MO^ in RblO,. suggests that Cs xons 

cun bo nccarauodated in the RbRCL lattice much more easily than K 

3 

ions without large strain or distortion The large strain associa^ 
t,ud with the; introduction of K + ions in RbNO^ lattice gives rise 
to wide thermal hysteresis loops compared to those obtained with 


(Co, Rb)ll0 3 colid solutions. 


Table 


5.3 lists the change in volume (calculated from 


X-ray data) on transformation 


vs width of the hysteresis loop 


for MOj, %. 05 Bl 'o.95 Ii0 3 ^ K 0.04 Bb 0.96 SO 3" 11118 table 

indictee increasing hysteresis width with increasing change in 
volume at a transformation e.g HI^II transformation, for a 
given composition, exhibits largest hysteresis and largest volume 
change Has and Reo (47) , -ho plotted the change in molar volume 
Dt *. transformation t^emUres vs area of the thermal hysteresis 


loops for various 


materials 


including RbiI0_ also find a similar 


relationship* 
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TABLE 5*3* Change in volume at the transformations (Av) and 
width of the hysteresis loops (-At) for RbROy 

Cs 0.05 Rb 0.j5 N °3 snd K 0.04 Rb 0.96 W0 3' 


Phase 

transition 

JM0_ 

3 


u * “»**" o—o — 

Cs *.05® 

■*— • ♦ * 

0.95 H0 3 

K 0.04 Rb 0.96 N °3 

AV(A° 3 ) 

^t(°c) 

Av(a° 3 ) 

AT(°c) 

av(a° 3 )at(°o) 

IV ^ III 

0-84 

9 

1 .00 

10 

1 .70 5 

ITT ^ II 

11.38 

18 

9.64 

20 

12.85 36 

II I 

4.73 

6 

3-46 

13 

5.10 4 


A V values are calculated from the X-ray data and AT from dilate 


metric data. 


5.2 Crystallography of RMO^ : 

As already seen, RbUO^ has four crystalline phases. 

The room temperature phase, called phase IV, is loiown 
to have a trigonal symmetry with a = 10. 49 A , c = 7-44A and 

(4) 

room temperature The space group is 33,12 °r K 2 12 • 

pinbalc ct al (l3) here giver only the Kb + positions to the lattice 
(fig. 5.7), the HO,' positions are indicated by Pauling and Sherman 

in fig. 5.14- lattice P 111 '” 6 * 618 by varloUS aUth ° r8 

have been c«pared to table 4.4. lattice parameters at room 
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temper, turc, determined in the present study, agree very well with 
those reported in literature. 

Pho.se III is cubic with Cesium Chloride type structure 

and a = 1.36A , ?■ = 1 at 190°C. The space group is Pa3^^» 

( 11 ) 

,i orhonen. , who gave a detailed structural analysis for this 
phase found that N0_ groups are situated on the body diagonals 
slightly away from the centre, hence he proposed a cell of double 
tills size (fig 5-15). The results, about the space group and 
lattice constant of this phase, are summarized in section 1 .2 and 
table 4-4 

"Phase I is known to be cubic with Sodium Chloride type 

structure Hie cube. edge is found to be 7-32A°, a value close to 

(4) 

the one reported by Brown and McLaren 

(13) 

Phase II was investigated in 1937 by Finbak et al , 

o 

for the first tine, by powder X-ray diffraction techniques at 250 C. 
It was reported to have a hexagonal symmetry . The cell parameters 
found were a = 5.48A° and c = 10. 71 A° with Z = 3. The corresponding 
rhombohedral parameters were a = 4.77A°, ^=70 10* apd. Z = 1. In 

1962, Brown and McLaren^ reinvestigated this phase and ; proposed 
a number of possible unit cells for this phase. Based pi the 
closeness of fit and an apparently simple relationship tween the 
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'•oil pursmotern of phases II and III, Brown and McLaren proposed 

o 

tetragonal coll for this phase with lattice constants a = 6.19A , 

c - 8 *74 a 0 and 7 , = 4. 


An indexed X-ray diffraction pattern for phase II is 
shown in table 5*4« This table shows that both the tetragonal 
(a = 6. 16A° and c = 8-73A 0 ) and the hexagonal (a = 5-51A°, 
c = 10.74,'°) cells fit equally well for this phase. So the only 
reason, for Brown and McLaren to prefer a tetragonal cell for this 
phase, scorns to be the simple relationship between phases III and 
n . It was also reported^ that RbHO^ crystals crack and bend 
at III— *11 transformation. In view of this disruptive nature of 


the transform' tlon, a simple relationship between phases III and II 
does not scan to be an essential requirement. 


In fig. 5-1 is plotted ± ^Z- vs taperature, from 
the X-ray data, to coupare with the corresponding dilatometrio data 
For phase II, this plot is shown both for lire tetragonal .and the 
hexagonal cells. It is evident that the hexagonal symmetry for 


phase II is definitely the better choice. 

tether support for the above choice can be derived from 

calculations based on the dilatcmetric and the X-ray 


the density 


data. This is shown in 


table 5.5. The calculated density values 
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l' ;; T: T? 5 4 Ofarorvori and calculated f d t values for the hexagonal and 
tetragonal structures of phase II of PbhO^ 


Observed 1 d T 
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in rihane II compare reasonably well with those based on the hexagonal 
.'symmetry lor this phase The calculated density values, based on 
the tetragonal cell do not agree at all with those determined from 
dil atometric data (hie density values for the other phases calculated 

from the dilotouetric and X-ray data are in good agreement. Also 
the observed values of density in phases IV and III of HMJO- are 
V’ ry close to those calculated from the dil atometric data and also 
from the X-ray data. 

Based on the number of formula units a probable hexagonal 

l 

cell with cation positions is proposed in fig, 5.6. The true symmetry) 

for phase II can only be established unambiguously by single crystal j 

I 

| 

y -ray study. However, attempts to retain the crystal in, a sound 

I 

\ 

condition on heating to 250°C, in the present study as well as by j 

[ 

! 

earlier workers, have been unsuccessful. , j 

| 

5.2.1 lattice Relationships between the four Phases of .RbNCy | 

j 

5.2.2 IV and II relation: j 

Pinbak have shown a relation betw^ex^the j 

( ' _' (i , ' I 

hexagonal phase IV and the cubic phase III in fig. 5 «7« If is , j 

f 

, , { 

t 

c.asy to write down with, the help of this diagram that j 
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Fig. 5.6: Proposed hexagonal cell of phase II. The 
corresponding rhombohedral cell is also 
shown by thick, lines. Circules indicate 
the cation positions. 



5.7: Structural relationship 
Fig ‘ oIRbNOjCrel. 13J- 


between phases 


IV and IH 
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whom , c^ and a-jj-j- are the lattice parameters of the phases 
IV and III respectively. 

Pro' 1 , (l) and (2), 


and 


hv = 4 6 

a 

III 

: = (7 

a 

IV J 

III 

i iv = 4^ 

C IV 


(3) 


(4) , 

An seen in section 1 „2, Brown and McLaren also 
pointed out that the c-axis of the trigonal phase transforms to 
cubic [ill [J direction and JjO.ljjof the trigonal to cubic edge 
at IV~->III transformation This relationship was shown on fig. 

1.2.. The relationships (3) also indicate that going from phase 
III to IV the hexagonal parameters and c JV are obtained in the 
directions '[211 J and jjllj respectively of the cube. This is 

shown in fig 5-8 

The relationships (3) are also apparent from the lattice 


parameter values, as follows: 


a s 10.63A 
a IV 


o = 7.51A , 

IV 


. F 


a in - 10.65A 


a HI = T -53A . 


The a. 


IV 


and c T „ values quoted above are at 161°C and a m value at 


'IV 


170°C 
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'Phe volume of the trigonal phase IV can be written 


V = II a 2 o 
IV 2 a IV IV 


6 a 2 /T 3 

2 III " p III 


V = 9V 
IV JV III 


"}iin volumu relationship between phases IV and III is consistent with 
ii,‘. rnxibor of ’i-'lecules per unit cell in these phases i.e. Z=9 in 


phase IV -’nd Z = 1 in phase III. 


5 2.3 III ■‘'■nd II relation: 


Tljr«.r-:o II has been proposed by Brown and McLaren as one 
of tetragonal symmetry The simple relation between phases III and 
IT was shown to be the. following (see section 1.2): 


n lII “ a H 


2 • = ' C ___ 

III II 


This is illustrated in fig. 1.3- The volume of phase II can be 


written as 


a II C II 


2a III 2a III 


= 4V_„ 


( 6 ) 
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fiiia relationship is again consistent with the number of 

W'locult r: per i;nit coll in each of these phases i e< Z = 1 for 
i.fi.'ti'" ITJ mad Z = 4 for phase II. 

*'s soon in section 5.2 a hexagonal (or rhombohedral) 
unit coll is r better choice for phase II, Hence it seems reasonable 
t . propose, that at III—^II transition the cube distorts to become a 
rhombohodr on. The cubic edge (a = 4.38A°) of phase III gets 

R o*i 

elongated to become equal to the rhombohedral edge ( a jj= 4»8A ) 
mV the 90° anrle of the cube changes to the rhombohedral angle (o( ) 
>vf 70° 48 . This is shown in fig. 5-9. This large expansion seems 
r\g oonnblo in view of the dilatometric observation at this phase 
transition ,ilso distortion of the cube angle is consistent with 
thi. bonding ah'! cracking of RbHCL crystals observed by Brown and 

D 

McLaren^ at this phase change 

Since a rhombohedral cell has a corresponding hexagonal 


cell, we can write down the corresponding parameters for these two 


e-’lls, 


i3 o , hex c CCfl o 

a II =4 * 80A 5 and a II = 5.55A 

.R o ✓ hex in 71 .o 

= 70 48 Cjj = 10.71 A 


(7) 


Also 


(see below), a m = 5* 21 A 


fflld 


.17 




= 10. 73 A 


( 8 ) 



-Ift- 



.Fig. 5.9: Proposed structural relationship between 
the cubic phase III and the rhombohedral 

phase II. 
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'Pin. lattice* p'-ramoters in eqn.(7) are taken at 227°C and in eqn*(8) 

at 222°t! 


'B' i sc.rl cn the k.quiv&lence of unit cell volumes of phases 


TI find III, Lt can be shown that 


and 


# * ilf a n 

h? 3 $ a m ' 


(9) 


that th< volume- of phase II is 

, r _^3 hex^ hex 
V II " ' 2 a II C II 




III 


3a III 


V II ~ 3V III 


( 10 ) 


T'hiB volume relationship, between phases III and II, agrees with 
the* number of formula units in those phases i.e. Z = 1 for phase 
III and l = 3 for phase II. 


5.2.4 II and I relation. 


and 


it 281 °C, the rhombohedral parameters of phase II are 

a* = t.8«° 

R , (”) 

«;= 69 ° 8 


The volume of phase II is 
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.. B / 1 _ 2 „ 3 ,R 

V TI = a lI fj 1 ~ 3cos ^ + 2 cos 

\' 

= 93.63 A° 5 

".ssuming that no change in volume took place at II— ^ I 

o * 

transition oxcopt that the rhombohedral angle changed from 69 8 

to 60°, the resulting rhonbohedral edge will be 5«07A . It may 
be noted that phase I has Sodium Chloride type structure. Joining 
the cube corners, at the end of a body diagonal, with the face centres 
yields a rhc'bohedron (fig- 5.10). If this rhombohedral edge (a^ , 
in phase II ) becomes equal to half the face diagonal of a cube of 
phase I (fig 5.10), then we can write down the cubic edge of phase I 


ow, 



= 5.07 


or 


7.17A 


o 


This value of cubic edge is close to the observed value at 290 C, 
vl i? 7 . 32y\°. The difference may be due to the large thermal 
expansion tekinf place at II-*C transition as is evident from 


fig. 4-15. 

Since a rhombohedral cell has a corresponding hexagonal 
cell, the corresponding parameters may be written as 



17 



Fig. 5.10: Proposed structural relationship between the cubic 
phase I and the rhombokec(.r al phase II. *' 
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= 5-47A 0 


c^ x = 10. 89 A 0 


Prom (12), wo r:n,y also write 


a ll = 4 ' 8U ° 


69 C 


( 12 ) 


Also, 


hex 0 hex 

°n = 2a n 


n T ='7.32A°, t'tfT = 7.20a c 


(13) 


f = 7- 26 A° 

3 li 


Hence the lattice relationships nay be 


hex ___ 2_ hex 

'ii - 3 °n 


( 14 ) 


"’hose relationships can be derived from the equivalence of unit 


1 u 


11 volumes of phases II and I. 


The volume of phase II may be written as 
S 3 hex^ hex 

\T = N — O o 


II 


2 a H °II 


-wr h i a r 
- 2 jr 2 + 


1 v 

4 I 


or V. 


II 

3 


(15) 


Tills volume relationship is again agreeable with Hie 


number of formula units in phases II and I i.e» Z — 3 for phase II 
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3 r <lid Solution Effects. 

r ‘. .'.1 It fact of Ionic Size and Solubility Limits: 

Lattice parameters vs composition for (Cs, Rb)NO^ 
and (K., Pb )W0 systems at room temperature are shown in fig. 5 .11* 

It can be seen that in (Cs, Pb)^0^ system the ’a 1 parameter increases 
at fx factor rate than, the ' c ' parameter. After the solubility limit 
is reached in phase IV both become constant . In (K, Rb)lOj system 

“f* 

both r c‘ and 'a 1 decrease with K concentration and become constant 
when the solubility limit is reached as expected. It is, therefore, 
concluded that addition of 0s + increases the lattice volume and 
addition of K decreases it. This is consistent because of the 

*{- -f- -f” 

size of t-,’b ion being intermediate between those of Cs and K ions. 
(Thu radii of K + , Rb + and Cs + are respectively 1 .33A°, 1.48A and 
1 .68A°) . Another conclusion is that the solubility limit of CsIO^ 
in RbNO^j in phase IV, is much greater than that of KUO^ in RblTG^. 

This is probably due to the similarity of the room temperature 
phases of RbNO^ and CsTO^ and incompatibility of the room temperature 
phase of PbNO^ with that of KNCy (see table 5*6), 

It was seen in Chapter 4 that in Cs^b^NO^ system there 
is a complete disappearance of chase II in the range 0.25 4 x £0.30 
during hurting and cooling Erom table 5-6 it is clear that phase I 
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r*i g . 5. n JLattice parameters vs composition of (A) Cs x Rb i_ 3C 
and (B) K^Rbj^NOg systems at room temperature. 
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T/'ULLi: f>.L : 'tructural parameters of Nitrates of Rubidium, 
Cesium raid Potassium in different phases. 
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TABLE 5-6 (Continued) 



•pit,; tc'i linos represent the transformation temperatures. 
•r Ll , „ irP ,,, pointing up and dom in the last column indicate 
C oo1;irir end heating respectively, 


t 


The lrt 
art a R 


tice parameters of phase 
= 4.36!5A°, c<. r = 7 6° 56 at 


III ( rhomb ohedrnl) 
120°C (ref- 57 ). 


of KHOj 
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^ & ^ ri ^ ar "^ 0 P^ ase HI of RbNCL. This leads to an extension 

5 

u! Ph a >' c HI ol BbEFO^, with increasing x, in Cs^Bb^ system at 

thu expense cl phase II, In K Rb dO system phase III disappears 

x i —x j 

during- cooling in the range 0 03 < x<0.05. Referring to table 5.6, 
it is evident that phase I of HJO^ is similar to phase II of Rbl-TO^. 
,p hia results in the widening of phase II in K Hb i N0_ system with 
increasing x. 

It was noted in chapter 4 that the transformations in 
Hbt T 0^ get smeared due to ionic substitutions in the two systems of 
solid solutions.. This may be understood in terms of the distortion of 
'dm RbTJO, lattice due to these substitutions. K + substitution seems 

-f 

to distort the lattice more than what Cs does. 

5.3-2 Shifting of Transformation Temperatures. 

As seen in chapter 4 the transf ornation temperatures of 

RbfT0„ met shifted by partial substitution of Rb + ions by ions of 

3 

4. # + 

comparatively larger size e g. Os or of smaller size e.g. K . It 

was qbserved that transition teperature III^II shifts markedly 

• » d* 

towards higher or lowertau peratures by ionic substitutions of Rb 
with Cs + or K + respectively. The transition temperatures IV^ III 
and II ^ I are shifted slightly to lower temperatures in both types 
of substitution 



fills shifting of transition temperatures is explained. 


bolow on the basis of (i) similarity of phases of KNO^ and CsNO^ 
vdth those nf HMO^ and (ii) activation energy values determined 
Irem thi oif i orcntial thermal analysis studies. 

5*3 3 Similarity of Haases: 

's seen in section 5-3.1 the phases IV and III of 

RbtTO^ are similar to the phases II and I of CsNO^. Also the trans— 

formation temperature IV —III in FbNO, and II in CsblG, are-;;. 

3 3 

quite close (table 5.6)- Vue to these reasons the transformation 
taperaturc IV^f^III in RbNO^ is not much affected with increasing 
x in Cs Pb TTO . Prom table 5*6 it is seen that the temperature 

X i ~*X j 

range of phase I of CsNO,, which is similar to phase III of RbNO„, 

3 3 

is very large. Hence phase III extends in Cs Rb. NO, system with 

-X. I lmm J!L J/ 

increasing x. Since the only way it can extend is by shifting 
III ■— >11 transition, therefore, this transition temperature shifts 
markedly to higher temperatures with concentration of CsNO^. 

It was seen in section 5 3*1 that phase II of RbNO^ is 
similar to phase I of KNO^ Hence in K^Rb^NO^ system, phase II . 
becomes wider with increasing x lince the transition temperature 



phase II in' K Pb. N0_ has a tendency to extend on the low temperature 
* X 1 —X j 
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nide.. This results in a substantial shifting of IIIt^MI transition 
with increasing concentration of KNO^. 

5.3.4 Thermal Activation Energy. 

As sc-en in section 4.2 on "Thermodynamic parameters from 
TIT/", the activation energy E is proportional to the slope of attiva 

£L 

tion energy plot. I n fig. 5-12 if straight line 1 represents the 
activation energy plot for the pure material then 2 and 3 represent 
those for the solid solutions KHb^NOj and Cs^Hb^/Oj at III-* 11 
transformation . It is seen from this figure that for the same rate 
constant (">r rate of transformation) if the slope increases from 
curves 1 to 3 (and hence the activation energy also) the tramsf oroation 
tepernture T increases and vice versa, If the value of rate constant 
is also slightly lowered then these chonges of transformation tempera- 
ture are even more In III->II transf ormaticn, the rate of trans- 
formation is lowered in both systemsi* e - Cs x Eb i-x 1I0 3 ^ 1 '' x ^ 

but E increases in the first system and decreases in the 

a 

■ system (Table 4.3). Therefore, transformation temperature increases 

and decreases respectively for these systems. 

xv^m transformation the activation energy is 

lowered in both the systems (Table 4.3) end hence the transformation 
temperature in both cases is slightly l»ered. These concinsicns may 
be regarded as semiquontitative only. 



- [U- 







Fig. 5. 12: Schematic diagram showing the effect 
of ionic substitution on the activation 
energy plot. 
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5.4 Infrared Absorption: 

The infrared absorption spectra of RbUO^, fron 3<‘'°C 

o 

to 294 C, which is near its melting point, are presented in figs. 

4-18 and 4.19 and of the solid solutions Cs_. . n Rb* 0, ana 

\ Q2^o 98^^3 a "^ roon Temperature in figs. 4.21 and 4*22. Table 4*5 

lists the fundamental nodes of vibration of NCL ion in different 

3 

phases of RbHO^ and table 4.6 gives a comparative study of these 

nudes in the solid solutions at room temperature. In this section 

It*. 

we wish (i) to interpret the spectra in^four crystalline phases of 

RbNCL and (ii) to explain the changes in infrared spectra of HbNO- 
5 

-f- + 4* 

due to partial substitution of Cs and K for Rb . 

The spectra of RbRO^ consist almost exclusively of the 
frequencies to be associated with the group • Starting with 
the spectrum of a free nitrate ion, correlation charts giving the 
theoretical pattern of the spectrum of th nitrate ion in different 
phases can be set up. 

^ free nitrate ion belongs to the symmetry point group 

t) and has four distinct fundamental modes, as shown below (Table 
3h 

5 . 7 ^ 71 ^ 
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TABLE : 5*7 TI 10 sDcctfA.! n + 

P ral activity, approximate' position, species 

and types of vibration of fundamental nodes of UoZ ion 

3 

"f symmetry L 


Punda'iuntal 

mode 

Species 

Type of 
vibration 

Approximate 
frequency (cm - ”' ) 

, 0 mrn 0 mm s mm . 0 # — # — * 

Spectral 

activity 

^1 

A i 

Symmetric 

stretching 

105* 

Raman (r) 

V2 

< 

Out-of -plane 
bending 

830 

Infrared (IR) 


E ' 

degenerate- 
s tret chin g 

1390 

(b, IR) 

^4 

mm 0 mm 0 mm 0 m. „ 0 mm 0 mm 0 m 

E ' 

degenerate- 

bending 

720 

(R, IR). 

♦ ***" • 


5.4.1 Phase IV: 

According to Pauling and Sherman^ 8 ^ the room temperature 

2 

phase of RbNO„ is hexagonal, space group C_ with nine molecules 
3 5v 

per unit cell (fig. 5.14). 

Prom fig. 5.14 it is evident that there are two sets of 
sites for group in the hexagonal structure, one set having site 
symmetry C^ Y and the other set having site symmetry C^.. Let the 
co-ordinate axes he so chosen that the z-axis is perpendicular to the 
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plane of the ¥0^ ion (or plane of the paper) and x— axes coincides 
with one of the N-0 bonds The correlation table 5*8 shows that 
at this site all the nodes become infrared active, the resulting 
nodes entering into the various species of the group as shown 


TABLE 5*8 Correlation showing the fundamental modes of ion 

(of site symmetry C ) entering into various species of 

s 

2 

the group . 


Transition 
dipclo compo- 
nent in D,. sym. 
group .. 5 


Funda- Species Species Species 

mental of E,, of C of C_ 

3h s pv 

muu0b symmetry symmetry symmetry 


Transition 
dipole compo- 
nents in C^ v 
group . 


T. 


V T y 


V 2 

Uj’ "iJ 4 


1 

tl 




E 


A„ 


< T *>V 


n 


A 


dp 


E 

Ar- 


T x’ T y 


In this table The selection rules for this group show that only 
the species A 1 and E are infrared active with their transition dipoles 
along the z, and x,y directions respectively. Thus the modes 7^ , 7^ } 
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"^3 ' 'H ^ave two components each, which are infrared active. 

Correlation table 5.9 gives the resulting species due to the site 
symmetry C, ^ v * The selection rules for this group, as already seen, 
shew th.it the species and E are infrared active. Therefore, the 


Tid31E 5*3 Correlation showing the fundamental modes of NO^ group, 
of site symmetry C^, entering into the various species 


of the 0 group. 


Transition 
dipole compo- 
nents in D„. 

5x1 

syra /-roup 

Funda- 

mental 

modes 

Species 

0f D 3t! 
symmetry 

Species of 
°3v 

symmetry 

Transition 
dipole compo- 
nents in C_ 

3v 

group . 



'] 

1 


T z 

04 

> 

w 

A 2 

r^~ J 

> Al 

T 

z 

V T y 

#•* # — # mm 0 mm mm # «** # mm — 

n 

> . 


rn m 


Hi 

1 9 T 

x’ y 


modes V 2 , V 3 and 2^ will have one component each. Both sets 

of sites contribute to the transition dipoles. To understand the 
observed number of components the following explanation seems 

♦ 

V 

reasonable. Consider fig. 5.13* Hie symbols IA^ , IE and XIA^, IIE 
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li -*• Jit the different species (A^ or E) preceded by the number 

set (i,c. T or II) of sites. Let the continuous curves show 

fchc ab^ , 1 1 -ion peaks due to the set I (of site symmetry C ) and 

s 

curves, shewn by Ion. -or dashes, due to the set II (of site symmetry 
C 3v^’ ^cn 'the curves shown by smaller dashes, which are the result- 
ant those (i o. the continuous and (longer) dashed curves), repres- 
cot the observed absorption peaks. It may be noted that the components 
due to the site symmetry C^ v (set II ) lie at higher frequencies as 

compared tf those due to site symmetry C . This is probably because 

s 

the WQ rroups with lower site symmetry (c ) are perturbed more by 
j s 

the environmental symmettythan the sites of symmetry C^. The 
latter site symmetry is the same as the environmental symmetry and 
in therefore, lees perturbed Due to this difference in perturbation 
the vibrations of set I are damped more than those of pet II. Hence 
vibrational frequencies of set I occur at lower frequencies as 
compared to those of set II. This effect is expected ■jbo be least 
in the case of symmetrical stretching vibration , a little more 
for the out -of- olane bending mode 7^ and maximum for 7^ and 
modes. It may be pointed out that the z-components of the modes 



of the nitrate ion, are expected to be weaker than the x. and y 
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c .Ti pon uni , r ; « similarly the x and y components of the mode 

!ir.ivcd ir ■' i the out-of -plane bending vibration node, should be 
weaker than the z- component. 

-1 

It is clear from fig 5.13 that three bands at 708 an , 

7?2 cm and 764.5 cm can ce assigied to the three components of 
("two due to sites of set I and one due to sites of set II). 

*r 

-1 -1 

Their individual assignment may be E 722 cm and A^ 708 cm due \ 

A 

t<’ sites of set I and A^ 764.5 can due to sites of set II (fig.5»13)» 
A broad band centered around 838en corresponds to mode and has 
two components due to sites of set I. Individual assignment may be 

878 cm” ( /• p and 816.5 cm (e) due to set I and A^ (845cm ) due to 

—*1 —1 

not II (fig 5.13). Two bonds at 1056 cm” and IO36 cm (fig. 5. 13) 
are observed in the region of symmetric stretching mode V-| • The 

A -1 

stronger one at 1054 cm ■ may be assigned to E and weaker at 1036cm 

-1 

to A 1 species clue to sites of set I and the other at 1056 cm of 

species A 1 duo sites of set II (fig 5.13) It is not clear why the 

inactive mode gives rise to two components A* and E in phase IV* 

The absorption in the region of ^ is too broad to give 

any information and has, therefore, not been studied. 

(4) 

It may be remarked that Brown and McLaren' have given 
a space group or D® for phase IV of RbNCy If correlation chart 



- 134 - 


is prepared by taking or T}^ as the symmetry group then the 

number of components of vibrational modes cf 1ICL ion do not 

3 

correspond to what is observed in the present spectra. 

As seen above, the occurrence of more than one absorption 

peak for the modes and is explained cn the basis of the 

inequivalence of two sets of sites cf NO" ion in phase IV. It 

nay bo noted that this is only one of the possible explanations . 

Another explanation which also appears to be reasonable is that 

the weak additional components observed are mostly due to natural 

15 

abundant isotopic species of ion involving either a IT atom 

or .an atm. The natural abundances of ^0^ and 1,4 1T ^0 

are 0-36 percent and 0.61 percent while each of the other isotopic 

15 18 

combination involving "TT or 0 has only less than 0.002 percent 

14 16 18 — 

abundance . Thus one may expect weak absorption, due to N 0^ # 

15 16 - 

and N 0, isotopic species in addition to the strong absorption 

5 

due to the main species ^ 4 N ^CL. 

( 76 

Koto and Rolfe w y have recently studied the absorptions 
due to naturally abundant isotopic species and enriched isotopic 
species of N0~ ion in KBr with different varieties of combinations 

of ^EF, 14 Ef, 16 0 and We will restrict overselves here with j 

I 

the species 14 N 16 0~, 15 N 16 0~ and 14 N 16 0 2 18 0~ as we are only j 

i 

[ 
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intarcf;*b,d in molecules with sufficient natural abundance to show 

>x • ; r ^ >r ’‘ option# All the four modes of vibration of IT CL ion (i»e* 

3 

^9 yjpy iJs an( * >^_) have been observed for H0~ ion in KBr where 

the; symmetry was assumed to be D ^ though ^ is expected to be 

inactive in the infrared The VI and of NO* ion with D„v or 

3 3 3p 


"'3r 


*1 4 . 5 IS- 

symmetry will split into two (a^ , B^)for species like EF Og 0 


which tin vo a site symmetry of Hie observed and calculated 

positions f or -y^ , -j/g, -y^ and «y> for the different isotopic species 

uf V , "'"’n V and "^ET "^O- "^0 according to the Kato and 
5 5 ^ 


Rolfe 


( 76 ) 


arc given in tabic 5.10. 


The lA vibration is too strong and broad and its 


components arc unobservable. -The assignments of the various 
absorption peaks corresponding to Vy or observed at room 

temperature (or phase IV ) in the present study of RbETO^ are given in 
table 5.11. The assignments here for EFO^ ion. in RbNO^ are based on 
the assignments of ion ±n KBr of table 5.10. 

It may be noted that all the observed peaks except the 
one at 762cm -1 could be very well explained as belonging to the 
naturally abundant isotopic species of ETO^ ion. 

To have a better understanding of the components it may 


irobably bo worth while to study the infrared and Raman spectra of 
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single crystals of RbHO^ fit different temperatures (at low as well 
ns hirh temperatures). 


( T 6 ^ 

TABLE 5.10' . Experimental and calculated values of the vibrational 

frequencies of ^n'^cC, and ^N^O^^O ions 

3 3 ^ 

in KBr 


^(cm _1 ) 

T&perimcntnl Calculated 


1383-2 

1383.3 

1383-2 

1381 .9 

1371,1 

1371.3 

1352.3 

1349.1 

1054.8 

1054.3 

1055.1 

1054.8 

1034.9 

1034.8 

841.3 

841 ,4 

837.8 

837-8 

820.0 

819.4 

715-6 

715-7 

714.4 

714.5 

, 

704-8 


enn K 


Vibrational 

node 

Molecule 

V 3 (e ) 

14 ii 16 o: 

3 

y 3 (B 2 ) 

’VVV 

V 3 ) 

14 h 16 o 2 18 °' 

) 

15 h 16 0" 

V 1 (A 1 ) 

14 16- 
N 0, 

5 

V 1 (a 1 ) 

15 s 16 o; 

3 

l) 1 (A 1 ) 

14 s 16 o 2 18 o- 

V 2 (a 2 ) 

1 V 6 o: 

3 

V 2 (3^) 

V 

G\ 

o 

ro 

_a 

00 

o 

t 

-w 

vv 

3 

V 4 (E ) 

u h 16 o; 

3 

V 4 (e ) 

15 k 16 o: 

3 

V 4 (*1 ) 

14 k' 6 o 2 18 o- 

o;.(bJ 

WV 
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Ti.BT/R 3.11 figments of the observed absorptions in KbBTOj in phase IV 

14 „ 16 ^- 14 ^ 16 ^, ISq - end ^liF^O . 


to vibrational modes of 0^, K 0 ^ 


Ob t.* rvet 1 

Assignment 

1— # ~ ~ • 

Molecule 

V (cm 1 ) 




1 06 6 a 

Vi 


15 s 16 «; 

1054 a 

Vi 


’V 6 oj 

1035.5 

Vi 


'vvv 

, 

838 

v 2 


14 16 - 

V 0, 

3 

816-5* 

^2 


15 u 16 o: 

3 

764.3 

^4- 



722 

V* 


1 V 6 0‘ 

708 

V 4 


VV® 0 ' 



a 


The weak absorption 
absorption of 1054cm 


at 1056 cirT 1 probably overlaps with strong 
_1 so that one ees the appearance of a 


barely resolved doublet. 


b 


The weak absorption at 816.5 partly overlaps tHe strong and 

' -1 

broad band at 838 m • ' 
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As fch‘, temperature is raised jji this phase the intensity 
d ■}; . luri .Miit.-ntal modes of vibration is reduced. This is evident 
Torn figs . 4.13 to 4-20 


from the shape of the bands cn either side of the absorp- 
tion per'k ~i)^ (figs- 4.19 and 4.22) it seems that these are similar 
t ■ the P and bronchos in the rotation-vibration spectra^^. 

This ru.ans that associated with the vibrational modes of group 
lo forrii' .-mount of rotation about the trigonal axis. The rotational 
components of absorption bond nay be too close to be resolved in 
the pro sent case. This can be seen from the following considerations. 


The rotational constant of BF_ molecule in its ground 

i 

statu nro^ ^ Br n = 0.35 cin ^ and A_ 0.17 cm 1 The molecule 

0 i C° j 

BF.j hns a plane symmetrical form similar to the group. The 

atomic weights of F and 0 are 19 .and 16 respectively. The bond 

( 71 ) o o 

longthn 1/-0 and B-F are' 1.22\ and 1 .29 A respectively. The 


ratio of moments of inertia 


= V 5/2 mr2 .3 


of NO, and BBL 
3 3 


is 0„8S The corresponding rotational constants of group willy 

-1 

therefore, he 0*4 cm an^ A cm # Hence separation 

-1 

of the rotational components in the hand will he less than 1 cm . 


It mm he remarked that if single crystals of EbNO, 


and high resolution instruments are used then it might he possible 
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tn resolve these exponents. 

5 4-2 mnee III 

On h cat inr to temperatures between 164°C and 220° C 

RLirO^ trarinf frms into 0 , cubic phase. The space group reported by 

„ . , (ll). 6 

frrhomji is T^ with four molecules per unit cell. The site 
(7) 

symmetry is C,^ . The correlation table 5.12 shows that at this 
site all the modes become infrared active, the resulting inodes 


j. 

T/iBIiT 5.12 Correlation showing the fundamental modes of ion 

(of site symmetry C^) entering into various species 
6 

of the group T^. 


Transition "Punda- 

dipolo conpo- mental 
nont in T)_ , sym. modes 
group . 


Species of 
D 3h sym. 


Species of 
C 3 sym. 

(comps, of 
transition 
dipole ) 


Species 

Of T h 

sym. 


Transition 
dipole 
comps, in 
T h group. 


T , T 
x y 





T 


* 
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6 

in the *u\> are shown in this table. The selection rules for 

6 / / 

1 that only the triply degenerate species P 7 is infrared 

active. Thus the modes and have one component each 

which is triply degenerate and is infrared active. 

It is clear from figs 4.18 end 4.19 that only one 
c niivonent at 200'"' C i.e in the cubic phase III is observed in each 
of the cases The components due to sites of set II in phase IV 
in each of the modes "24, and seem to have disanpeared and 
the remaining two components due to site I in phase IV seem to have 
combined to give rise to one triply degenerate component in each 
case This is probably due to the reduction in the sets of sites 
from two to one as we go from phase IV to III. 

It is seen from fig. 4.20 that as the temperature is 
raised in phase III the fundamental modes 'Vt^ , "V> ana ^ go on 
diminishing in intensity. At 207°C their intensity has gone dovsn 
so much that to observe them in this phase the reference beam in the 
double-beam spectrophotometer has to be attenuated using Perkin Elmer 
attenuator attachment. By referring to table 4.5 we can see that 

in phase IV as the temperature is raised from room temperature to 

, • '• . 

100°0 the frequencies y 2 and change by a maximum of 1 v csm 

whereas at 200°C i e. in going to phase III the change i^s 3 cm- to 
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c * 1 * comparatively large change in frequencies may be 

* ttrilute-l to the phase transformation IV-^III which involves a 
jua-att increase in volume at the phase change and hence weakening 
<.i uhf, mr locular bonds. Also at the phase change e slight increase 
in intensity of the fundamental absorptions is observed* This may 
n,l rw be understood on the basis of volume expansion at the phase 
tr'ooiti'n* The amplitude of vibrations of the HO- ion could 
increase, thus enhancing the intensity of the infrared absorption* 
1.^.3 Phase II. 

fra the temperature is raised above 220°C phase II appears. 

‘.v already pointed out, the absorption bands became too weak to be 

■'ihn^rvod without attenuation at temperatures above 207°C. Therefore, 

infrared spectra in phase II at different constant temperatures in 

the range 230 n C upto 280°G have been obtained using the techniques 

(52) 

described by Greenberg and Hallgren w as well as by suitable 
attenuation of the reference beam (section 4.5). 

It is evident from figs. 4.18 and 4.19 that no fundamental 
absorption peaks are seen at 230 C and 275 C i.e. in phase II. 

This shows that the fundamental modes of vibration vanish in phase II. 


This may be discussed as follows 
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Brown and McLaren^ have proposed that RbNO, exists in 
' 3 

the t"tr?w nnal symmetry in phase II above 220°C.- The space group 
this rhar;.. is not known. However, the point groups C^, C^j ^ 4. 
and Dg f . of the tetragonal system may be taken as the possible 
oyrmietry gri"ur>s for phase II. In order that these possible point 
■ -roups arc* realized in phase II the requirement of axis of 
symno try in C , , and point groups and of in point group 
r .quires n change in the position .and orientation of HO, planes. A 
possible model based on such orientational effects may be used to 
explain (l) - sharp decrease in electrical conductivity at the 
111 — ^IT transform? tion, and (2) the difference in the thermal expan- 
sion mo?. cured by dilatometric and X-roy methods. This may be further 
supported by the observation of Kennedy ' that after III— ^*11 
transformation recrystallization of HbW 0^ takes place in phase II. 

How the symmetry species of D h symmetry of the K0~ ion do not 
reduce to any of those in the tetragonal point groups cited above. 

The reason for this is that the commen symmetry elements are no more 
than the identity. Hence no spectrum is observed in this phase. 

As seen in section 5.2, a hexagonal (or rhombohedral ) 
symmetry scans more probable for phase II. However, in the absence 
of detailed structural analysis of this phase, it is not possible to 
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analyse the infrared spectrum in this phase. 

3 * 4* '1 Phntii I: 

then T!b¥0^ is heated above 285°C phase I appears. It 
cubic symmetry but no structural determination has been reported 

so far 

Pi^s 4.18 and 4.19 (at 294°c) show that the absorption 

( R2 ^ 

o.oa.ka at fundamental frequencies reappear. Greenberg and Hallgren^ 

have film (.beerved the infrared spectrum of RbI:IO„ at 25°C less than 

3 

the- molting point of RbWCL (m.ti. = 310°c). The present observation 

3 

an owe that their spectrum is in cubic phase I. 

u ,horeas no spectrum could be observed in phase II, a 
spectrum could be recorded on heating to higher temperatures to 
obtain phase I. This appears to indicate a gradual disordering of 

th« NO, groups due to the phase transformation. Such a picture is 

3 

consistent with the gradual increase in electrical conductivity at the 
II I transition. 

The frequencies observed in the spectrum of phase I are 
near the ones in the room temperature spectrum, suggesting that the 
fundamental frequencies of the ETO^ group persist in phase I. A 
more detailed, analysis of the infrared spectrum of phase I, however, 
has to await a determination of the structure of the cubic phase. 
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'3.4*5 Liquid Those: 

Greenberg and Hallgren^ have also observed the infrared 
.qn.ctrum .,i HbJIQj in liquid phase (25°C above the melting point). 

Thi,-, opi.'Ctrum was found to be essentially similar to the one of phasel, 
indicating that in both cases the fundamental frequencies of the NO^ 
"roups nr> , the ones being observed. 

5*4 6 "olid Solutions: 

In fhn solid solutions the spectra at room temperature 

(figrj., 4.21 and 4.22) show that and ~i/ frequencies shift to 

lower frequencies with Cs + impurity (larger cation size) and to 

higher frequencies with K + impurity (smaller cation size). As already 

(52) 

r> f\.rrod to, Greenberg and Hallgren in their study of infrared 
oDoctra of alkali metal nitrates have observed a similar shifting of 
and frequencies but the opposite behaviour for the mode '"2-^. 
The shifts In fundamental frequencies (table 4.6) observed by substi- 
tuting Cs + or K + for Hb + are very small Therefore it is not possible 

(52) 

to verify the conclusions of Greenberg and Hallgren by the present 

study which. in vo Ives partial substitution of cations whereas Greenberg 

(co) 

and Enllgren^s 1 study is about the complete substitution of cations. 

Also in general the intensities of absorption peaks of 
fundamentals reduce by Ce + substitution and get enhanced during K + 
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substitution (fig G , / ?1 wri .1 m , . , , ^ _ 

' t ana <r. 22 ). This may be understood as 

11 w.„ , ubstitution of the smaller K + ion for Eb + ion provides 

■vailabl,; bpace for NO^ ion in the lattice and hence increases the 

i liiudo- f vibration of NO^ ion which loads to an increase in the 

intensity of the fundamentals of NO,, group, The reverse should be 

expected in case of substitution of larger Ge + for Eb + . 

It may also be seen in fig. 4.22 that the low frequency 

cun penult, >"1 split components of E species, is more prominent in 

Hh'.Q.j, ns compared to the ether at higher frequency. The prominence of 

the low frequency component is enhanced by cs' substitution whereas 

■f 

it is reduced by K substitution. Instead, the component at higher 

4. 

quoncy becomes more prominent in the K substitution. 

The modes of vibration of NOl ion in the solid solutions 

3 

change with temperature in different phases in a manner similar to 
RbNOy They have been studied but not presented here. „ 

5.5 Electrical Conductivity Changes .and Mechanisms of t Biase Transfor- 
mations in RbNCL. 

3 

5 . * 3 . 1 : Electrical Conductivity Changes at Phase Transitions in EbNO^. 

It was seen in section 1.3 (fig 1.4) that, : f r0 m the 
conductance measurements on powder pellets of RbN , B^own and 
McLaren^ made the following observation: The trans.formatim.JV III 
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incrc. son the conductivity of BbHO^ by a factor of about 100 and 
I ri->TT mnrirsition decreases it by a factor of 3. After completing 
FJl ^JI tr-i!'i;.i urination (for the first time), if the sample is cooled, 
TTl^— -II fcr; net urination involves a change of conductivity by a factor 
1 30 :;n« rV^±III transformation by a factor of 1000. These latter 
chan .‘is iri conductivity are repeatable- after traversing IIP— ^"11 
tro.-'Ji'ifonr, ation for the first time (earlier changes in conductivity 
Ping no rvro . ibst.rv.able ) . This permanent increase in the conductivity 
■jf ;'har:f. TT,I after first undergoing III — ^ II transition, however, 
r. mined unexplained. 

In the present experiments a conductivity change by a 
"V'tor r;f 100 at IV^SIII transition and by a factor of 3 at III^II 
irons formation was never observed, as seen in the lower meet graph of 
fign. 4 1 and 4.2. This suggests that, in the powder pellets of 
lit" wn and McLaren^, some recrystallization took place after traver- 
sing III— > II transformation This was not the situation when the 
i irst change of conductivity, by a factor of 100 at IIP^III trans- 
formation and by a factor of 3 at III -4 II transition, was observed. 

Re crystallization of phase II, after III— > II transformation, has 

(5) 

been recently reported by Kennedy' . Therefore, no such discrepancy 
in conductivity change at IV-4III transformation was observable, when 
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OfcUKili ;; ' >1 the present study were prepared, as already explained. 

[j. 5.2 Meehan isms of Phase Transformations in EbI\fO~ . 

3 

• A orief discussion of the mechanisms of phase transformations 

in DblEd, may be given in the light of the present study and the 

available literature on phase transitions of RbNO.,. 

3 

5.5.3 TV — ^ III Transformation : 

The hexagonal structure for the room temperature phase 

( 68 ) 

of EbN0 7> reported by Pauling and !5icrman v , is reproduced in 
fig. 5.14 Prom this figure it is evident that the group has two 

ft f; ■ of fit. r; (or orientations ) . Two thirds of the ions have 

symmetry (v/nich could remove the possibility of disorder) and the 

G 

Txmnininr third have a symmetry Pig. 5*15 is drawn, following 

(ill 

i.'orhi.neu v , for the cubic structure of phase III.. In this fimre 

it C'« be seen that there are four equivalent orientations of 

symmetry G available to the NO^ groups in the unit cell. During 

the transformation IV->III the symmetry of all orientations increases 

to C loading to disorder. This means that phase III is disordered 

3v 

with respect to phase IV in terms of the orientations of the groups. 

The orientational disordering of 110^ group in phase III 
moy be portly responsible for the increase in electrical conductivity 
nt ly^m transformation in HbNOj. The increase in electrical 




Oxygen atom QRubidium atom 
• Nitrogen atom 

Fig. 5. 1 4 Hexagonal crystal structure of phase IV of RbNO 

3 

(ref. 68). Rubidium and Oxygen atoms are in an 
approximate cubic-close-packed arrangement; 
their distribution among the three superposed 
layers shown is indicated by dark, light and 
dashed circles. 


-IV?- 



O Oxygen atom 
a Nitrogen atom 


Fig. 5. 15 Structure of RbNO^ in cubic phase III (following 

Korhonen^). The Rubidium ions are at the 
corners of the small cubes (not shown} and NO^ 

ions are shown on the body diagronals of the 
small cubes. The plane of NO3 ion is perpendicular 
to the body diagonal. 
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conductivity nt this 


transformation -is very large and hence the 


ricnt. itinnul disordering of IJO^ group may not alone be responsible 
i'.r this 'The suggestion of Brown and McLaren is that this large 
increase in electrical conductivity may be due to the randomization 

i “f" 

of the Kb ions at this transformation, The latter proposal has been 

made on the basis of the following; considerations. 

The crystallographic relationship between phases II and I 

cf TINO^ is analogous to that existing between phases IV and III of 

I'bITO,. This is clear from the following comparative study of TliTO^ 
(16) 

and RWT<V . 

3 

T1TJ0_ RbNO, 

3 3 


(i) Electrical, conductance increases 

by a factor of 100 at II —>I trans- 
formation. 

0 

(ii) Phase II is hexagonal with a=10.47A 
c=7.52A° and Z= 9* 


(i) Corresponding increase is 
by a factor of 1000 at 

^IV-^III transformation. 

(ii) Phase IV is trigonal with 
a=10.49A°, c=7 • 44 A° and 


(iii) Rive lines in the X-ray powder 
pattern of ;-hase I in the range 
15®*/ 20 <.50° are identical with 
five strongest lines in the pattern 


Z * 9. 

(iii) Pour lines in the X-ray 

powder diffraction patte- 
rn of phases III and IV 
as given in table 5*13 
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of phone JI, the slight shift aro similarly identical, with 

tn ] o'"'T nr:."v angles is due a slight shift in Bragg angles 

t,n the t,>ir.T-r'i* -.T expansion. due to thermal expansion. 

(77) 

Rowland and Bromberg v ' show by thallium magnetic 
r< rono.r ce that Tl 4 ion has mobility in phase I as high :.s in the 
!;■ i ■’! t of m T'0 7 . Thin suggests that large increase in conductance 

transformation m TING,, i r due to the positional disorder 

C "’1 f ion 


rn^TVj,!,’ ij 13 'd 1 values and indices of four sixO-ar lines in 

Phases IV and Til of "b"0 . 


Tinar rv 

(Tan p crature 

1 24 °o) 

Thase III 

^Temperature 

,170°C) 


h kl 

d(A°) 

h kl 

4 . ?08 

111 

4.347 

100 

3 . 04 4 

V>3 

O 

O 

3.074 

110 

2 509 

221 

2 . 509 

111 

1 935 

303 

1.944 

210 


nth cr»ofrtT'6 .1 it S 0 GEO. S 


reasonable to assume 


that, associated 
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orientational disordering of the ITO^ ions is some amount 
f n, ,.i tional r< ndouiizntion. of the ]Rb + ions, Ibis hypothesis 

* five . f,up T *or*!, from the following observation (section 1.3) of 

(l?) 

• nn».dj ( nio.pl in and Kennedy ) . On annealing phase III (after 

1 / in transformation) for 20 hours, chun/res in X-ray reflections 
f ‘ f ' rv< r 'P nnr ) fo changes of 20 to 40^ in the ionic conductivity of 
cry^t If . Hinco the " r -r py reflections are mostly affected 
' ,t y ‘-'he- positions of Rb ions, therefore, about 40'' of the change 

hi conductivity mipht be due to the randomization of Rb + ions. 

(53) 

• a seen m section 1.7 tlyasnikovo and. Yatsenko have 


t'< o-.nt.ly reported that the internal vibrations of the ion in 
Ri-NO contribute very little to the change in dielectric constant 
-.t, TV ~->ITI transition and that the main contribution is from 
Uiv fj truer urc vibrations Bnntsiger *nd Fesenko^ have remarked 


flint changer: of dielectric constant at the tr* nsition temperatures 
do not correspond to the changes in electrical conductivity in 

■RbNCL . It i: , therefore, cl^-T that the change in electrical 

3 

conductivity is not completely du-,.. to the positional randomization 
of ions which mainly control the lattice vibrations. Hence 
TV - >TT T transformation seems to be of The order-disorder type. 


$ 
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Mix -.1 diffuse X-ray scattering study of phase III 
. hi. v oino additional lirht on the disordering of the 

o 

ian, . i, »Ti* ic nts on tr \nsfomiation in the far-infrared 

? i r ion -:ii ht help to find out the chan res in lattice modes 
i u/o] vin *■ ran denization of Rb + ions during the transformation <. 

5 5* /, T T I — ^ II transf emotion : 

Trr c h.ve seen in section 4 5 that no infrared absorption 

rar-c{,ra is observed in -chase II of hb' v '0_„ This is explained on 

3 

f 6 1 ") 

the barns; of ordering of ?0_, groups in. phase II hantsi-eU 
•’ 1 ' n propor ,j(j nntiferroelectric properties in phase II on the 
■ .;f'uj:ii’tion of or d' ring of fio^ rroups. 

‘■'Viio ordering process may be responsible for the sharp 
d-'crof.m in electrical conductivity at III — II transformation. 
The ord rlrr- of '10, groups is probably responsible for the 
obst rvation of Kennedy^ that recrystallization takes place in 
phase. II afttr III — >11 transformation However, the suggestion 
of brown and M C T->ren^ is th^t r b + ions (probably) are getting 
ordered in phase II 

It ’.as concluded, while explaining the difference 
b< tween the thermal expansion, plots obtained from dxlatometric 
md Xrry studies (section 5-0, that preferred orientation takas 
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place r-ffrillT ~»JI transformation This observation ’ seems to 

”^ le reconstructive nature of this transformation 
r» Parted by Kennedy ^ 

5 II— >T transformation: 

In the infrared absorption spectra of PbKCL at 285°C 

3 

nhuv/n in the text) the strong bond at the position of funda- 

r ii nt." ] t ' odo of ion in PblTO^ made r. slight appearance. 

hit: b-nd -nt enhanced at 290°C and 294°C 

this re— appearance of the infrared spectrum in phase I 

if; explain*. il (section 5.3) on the basis of gradual disordering 

the Tin groups due to the phase transition II— ^1 in HbllO,. 
j 2 

'this "mdual disordering process seems to be responsible for the 
gradual iticren.se- in el.'ctric'"l conductivity at this transf ormation. 
"hr ; r- dual nature of this transition is also clear from dilato- 
rrictric curves (uppermost curve of fir, 4-10). 

Kennedy ^ has also concluded this transformation as 
one of gradual order-disorder. The basis of his conclusion is 
the progressive fading of some of the X-ray reflections and changes 
in the intensity of others as the transformation I 1 ^ II is traversed 
in (probably) single crystals of RbJICy 
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APPMDIX 


A. Calculation of Heat of Transition ,AH from the DTA Peak. 

Let m gms. of a standard material (say EbNO^ 


in tne of the 


in this case) of molecular weight be packed i 


h*le rj of the metal block of DTA apparatus. The quantity of 

heat released by — moles »f the standard material is 
M 1 

Ifi 

L u cals . , where H cals/mole is the heat ®f transf *rmation 


of the 


standard material, This quantity of heat is represented 


by area A^ of the DTA peak for EbHO^. 

Let the other hole of the metal blo*k of the 
DTA apparatus be packed by an equal volume of the sample 
substance (solid solutions in this case). Let the weight 
of the substance taken be m 2 gms and molecular weight be M 2 
Therefore ~ moles of the substance correspond to an area 

VL 

2 k 2 

Ao of the OTA peak A 2 is equivalent to H- j-eala. of 

is released moles of the substance. 

), ’ . ■ hJ 2 in 

Ther mole will release H__ — 


■ 1 * f -p 

AH = ?- -Li 4 - 

B. CsllouAi® of werw of Activatim Efro. the » Wrres 
. ■ ■ :* a reactlal (or thelmal ' tr “ s " 




rate equation) 



0 ) 


k = C e‘' E a/ P ' T 


or log e k = " J a/BT + log e G 


where Is the energy of activation for the transformation, 

R the gar; constant, 1’ the absolute temperature and G is a 

constant, log at different temperatures are calculated 

from the ETA peak and a plot of logk vs l/T, called the 

activation energy plot, is obtained. Prom the slope of this 

plot, which is a straight line plot, E is calculated. 

a 

From (l), 

E„ 

. = Slope of activation energy plot 

2 „ 3u3H 

^ = 2 303 R (Slope of activation energy plot). 

C. Calculation of the Magnification of the Rilatometer. 


let 0, S and T (fig (b)) represent the 






in the dilatometric experiment The solid circles in fig ( a ) 
represent the foot prints of the optical lever. 

suppose the central leg of the optical lever is 
displaced (from solid circle to open circle fig„( a ) vertically 
by a distance / This tilts the mirrer of the cptical 
lover (fig (b) by an angle ft resulting in a shift of 2 9 fpr the 
optical beam from the telescope. From the geonetery of the 


figure (b) it is evident that 

f W' - =1 

* T 

whoro 2 l and D are shown in -the figure. Since 2 is very 

mall, wo can write . x Cj 

- — — 




,aZ. /*r 


^ a 


V 


Also from fig (a), 


y = 

0.6 

whore 0.6 cm is the distance shown in the figure. 

* 

\ 6 \ jC = °' 6 ( A ) 


0.6 


2 x> 


The distance D, between the optical lever and the scale, was 
measured as 136 cm in the experimental set up. 

Ai 




o. 6 


2Y 136 





D* Conductivity Data 


4 


TABLE- Dl* Conductivity data during heating and cooling for BLNO^ 


t(°k) 

0 

O ! 

O Er* 
i — l 

-1 Conductivity ( 1- 
Heating 

=2 *T T (“ K ) 


Conductivity 
(/. ,-cm )~1 
_0oolin^_ t _ 

403 

2,4814 

1.68xl0" 7 

405 

2.4690 

3. 19x1 0" 7 

413 

2,4213 

1.83 " 

407 

2.4570 

3-48 

11 

423 

2,3641 

3-17 " 

409 

2.4440 

4.17 

11 

427 

2.3419 

3.57 " 

413 

2.4213 

5.49 

It 

429 

2.3310 

4.39 " 

415 

2.4096 

7.06 

TT 







6 

430 

2.3250 

6.80 » 

417 

2.3981 

1.19x10 

431 

2.3202 

9.52 ” 

418 

2.3920 

1.C6 

11 

432 

2.3140 

i.9Qxio~ 6 

419 

2.3866 

2.72 

11 

433 

2.3095 

7-52 ” 

420 

2.3800 

9.06 

11 

434 

2.3040 

2.83xl0~ 5 

421 

2.3753 

2.30xl0~ 5 







~A. 

435 

2.2989 

5.29 

422 

2.5690 

1.97x10- 

43« 

2.2930 

7.52 " 

423 

2.3641 

2.34 

n 

437 

2 . 2883 

2.04x10 4 

425 

2.3529 

2.94 

n 

436 

2.2830 

2.38 " 

427 

2.3419 

3-5* 

tt 

439 

2.2779 

2.38 " 

429 

2.3310 

3.57 

ii 

441 

2. 2676 

2.86 " 

433 

2,3095 

4.28 

tt 

443 

2.2573 

3.17 " 

443 

2.2573 

6.54 

u 

445 

2.2472 

3-57 " 

453 

2.2075 

9.83 

ti 



T>(\) 


-1 

Conductivity ( 
Heating 

-cm ) -1 T( 0 K) 

lo°0{° K) - 

Conductivity 

( '-•Cl)” 

Cooling 

•147 

2.2371 

4.08xl0 -4 

463 

* 

2.1598 

-3 

1.41x10 

453 

2.2075 

5.71 » 

467 

2.1413 

1.41 " 

463 

2.1598 

6.50 " 

471 

2.1231 

1.88 " 

473 

2.1142 

1.19xl0~ 5 

472 

2.1180 

1.96 " 

W>3 

2.0704 

1.59 " 

473 

2.1142 

1.97 " 

■; .7 

2-0450 

2.04 " 

474 

2.1090 

o 

9 

CM 

493 

2.0204 

2.28 " 

475 

2.1053 

5.10x10 4 

499 

2.0202 

2.38 " 

476 

2 .1000 

. 3.17 " 



» * n * 

T(°k) Conductivity^ 

1 ( Ghm<~cm ) 




Heating 

*‘J6 

2.01A0 

2.38xl0 -3 

■xn 

2.0121 

2.42 " 

498 

2. Of 80 

2.28 ’’ 

499 

2.0040 

-4 

5 . 49x10 

5*0 

2.0000 

. 2.13 ” 

501 

1.9960 

1.14 ’’ 

502 

1.9920 

-5 

7.71x10 ' 

503 

1.9881 

4.86 " 

504 

1,984 

3.86 " 

503 

1.9802 

3.08 " 

506 

1.976 

2.28 " 

507 

1.9724 

2.30 " 

513 

1.9493 

2.36 ” 

519 

1 9268 

2.67 " 

523 

1.9120 

2.60 ” 

525 

1.9048 

3.04 " 

526 

1.9010 

3.14 " 

527 

1.8975 

3.21 " 

528 

1.8930 

3.28 " 


J-i 

6 


T(°K) 

inductivity 

{'.■T.-cm'f 

Cooling 

477 

2.0964 

1 . 10 x 10 ^ 

479 

2.0877 

-5 

3 . t4xl0 

480 

2.083 

2.74 " 

481 

2.0790 

1,48 " 

483 

2.0704 

1.26 ” 

489 

2.0450 

1.45 " 

493 

2.0284 

1.61 " 

497 

2.0121 

1.83 ” 

503 

1.9881 

2.16 ” 

9 07 

1.9724 

2.46 " 

511 

1.9569 

2.77 ’’ 

513 

1.9493 

2.93 " 

514 

1.9450 

3.04 " 

515 

1.9417 

3.10 ” 

516 

1.9370 

3.24 " 

517 

1.9342 

3.36 ’’ 

519 

1.9268 

3.48 " 


1,9194 3* 44 
1.9150 3-76 


11 



n , ( { JK) 

1220(0 )-! 

T v ' 

Conductivity 
(Ohm- cm) 
Heating 

**** # “ *" 

529 

1.8934 

3.36xl0~ 5 * 

533 

1.8762 

3. 81 " 

335 

1.8691 

4 . 08 " 

539 

1.8553 

4.61 « 

543 

1.8416 

5.10 " 

549 

1.8215 

6.42 " 

951 

1.8149 

7.32 n 

552 

1.8110 

7.52 " 

553 

1 8083 

8.40 ” 

554 

1.8050 

8.93 " 

-4 

555 

1.8018 

1.02x10 

556 

1.7980 

1.10 " 

557 

1.7953 

1.30 " 

558 

1.7920 

2.04 " 

559 

1.7089 

2.38 " 

560 

1.7050 

2.36 ’’ 

561 

1.7825 

2.91 ’’ 

562 

1.7790 

3.24 " 

563 

1.7762 

3.24 " 


Y 


T(°K) 

3oo ( o )-i 

T 

Conductivity 
( : Yr-«m ) .. 



Cooling 

■ * — 0 ~ * "■* • * *“* 0 ' 

523 

1.9120 

-5 

3.91x10 

524 

1.9080 

4. *8 " 

525 

1.9048 

4.20 " 

52C 

1.9010 

4.33 " 

527 

1.8975 

4.46 " 

528 

1.8930 

4.61 " 

?29 

1.8904 

4.76 " 

530 

1.8840 

-5 

4.84x10 

531 

1.8832 

4.92 " 

532 

1.8790 

5-15 " 

533 

1.8762 

5-39 " 

534 

1.8720 

5.60 " 

535 

1.8691 

6.21 " 

536 

1.8650 

6.42 ” 

537 

1.8622 

6.64 " 

538 

1.8580 

6.88 " 

539 

1.8353 

7.14 " 

540 

1.8510 

7.72 " 

541 

1.8484 

8.40 " 



t(°k) 

"*"***’ * 

r^r 1 

Conductivity 
{ Ohm-cm ) 
Heating 

564 

1.7730 

3.52X10" 4 

567 

1.7^37 


571 

1.7513 

Q.05xl0"’ 4 

575 

1.7452 

8.93 " 

675 

1.7391 

1.19xlO~ 3 

577 

1.7331 

3.24 " 

579 

1.7271 

8-35 " 

( 

581 

1.7212 

1.63xlO~ 2 

583 

1.7153 

3.17 " 


A 8 


T(°K) 

ioco^)- 1 

**“<»““ #“n*“ 

Conduct ivi: 
-cm)"' 



Cooling 

‘ * “ u ““ * “ <i 



543 

1.8418 

1.26xlO~ 4 

547 

1.8282 

2.72 " 

553 

1.8C83 

1 . 78x1 0 _ ^ 

557 

1.7953 

2.13 " 

563 

1.7762 

3.82 " 

573 

1.7452 

4-39x10~ 2 

575 

1.7391 

5-95 " 

579 

1.7271 

S .21 " 

583 

1.7153 

4.76 " 



TABLE.D2 Conductivity data during heating and cooling for 
^0.05 Rb i.95 K °3 


t("k) 

iooo/t( :j k) -1 

Conductivity 

Heating 

■fc-cm) ^ 
Cooling 

373 

2.4809 

1.08xl0~ 7 

- 

393 

2.5445 

1.06 " 

1.57X10 -7 

403 

2 . 4814 

1.10 " 

1.31 " 

407 

2.4570 

1.04 ” 

1.34 ” 

4'1 1 

2.4331 

1.08 " 

1.37 " 

417 

2.4213 

1.03 " 

- 

413 

2.4096 

1.01 " 

1.48 " 

417 

2.3981 

1.06 " 

1.43 " 

419 

2.3866 

1.10 " 

1.10 " 

421 

2.3753 

1.08 " 

1.71 ” 

423 

2.3641 

1.14 " 

1.86 ” 

42# 

2.4529 

1.07 " 

1.97 ’’ 

427 

2.3419 

1.10 " 

2.18 " 

429 

2.3310 

1.17 " 

2.48 " 

431 

2.3202 

1.23 " 

3.14 " 

433 

2.3093 

1.26 ” 

4.86 " 

439 

2.2989 

1.37 " 

7.14 " 

437 

2.2883 

1.43 ” 

i.aoxio” 



T(°K) 

iooo/t(°k)" 1 

Conductivity 
Heating • 

( 1 - -cm) 
fooling 

*"* "" 

— 



43 9 

2.2779 

4.28xl0" 7 

-5 

• 6.28x10 

441 

2,2676 

5 .14x10""^ _ 

1.85xl0 -4 

443 

2.2573 

-5 

1 . 40x10 

2.34 " 

445 

2.2472 

1.97 " 

2.63 " 

447 

2.2371 

2.37 " 

2.94 ’’ 

449 

2.2271 

2.66 " 

3.14 " 

451 

2, ,2173 

2.97 " 

3-71 " 

453 

2.2075 

3.43- " 

4.00 " 

463 

2.1598 

5.14xlO -5 

6.28xl0~ 4 

473 

2.1142” 

7.43 " 

9-43 " 

483 

2.0704 ■ 

1.06x10 4 

— 3 

1 . 26 x 10 

493 

2.0284 

1.57 " 

1.74 " 

503 

1.9881 

2.14 " 

2.31 " 

307 

1.9724 

2.46 " 

2.57 " 

511 

1.9569 

2.77 " 

2.86 " 

513 

3 .9493 

2.94 " 

2.97 " 

515 

1.9417 

3.H " 

3. 08 " 

517 

1.9342 

3-43 " 

3.43 " 

519 

1.9268 

3.48 " 

3.54 " 

521 

1.9194 

3.48 " 

3.54 " 



t(°k) 

1000/T(°K ) _1 

Conductivity 

A 11 

P .-cm) -1 

--- 


Heating 

0 i “ 0 * * ~ * 

Oooling 

??3 

1.9120 

1.28xl0~ 4 

3 . 71 x 1 0 -5 


1.9048 

1.37 " 

1.71 " 

52 7 

1.8975 

1.00 " 

4.28xl0~ 4 

525 

1.8904 

7. 74x1 0 -5 

7.14 " 

531 

1.0«32 

5.74 " 

5.71 ” 

333 

1.8762 

4.28 " 

4.28 » 

335 

1.0491 

3.71 " 

3.71 " 

537 

1.8622 

3.43 " 

3.43 " 

543 

1,0416 

2.31 " 

2.28 " 

547 

1.0282 

1.94 " 

1.31 " 

'-<51 

1.0143 

1.00 " 

1.48 " 

553 

1.80C3 

1.57 " 

1.48 11 


1.0018 

1.56 " 

1.60 " 

557 

1.7953 

1.57 n 

1.48 " 

555 

1.7889 

1.59x10“ 5 

1.48xl0 -4 

561 

1.7825 

1.74 " 

1.57 " 

563 

1.7762 

2.23 " 

2.34 " 

5*5 

1.7699 

3-71 ’’ 

2.54 " 



t(°h) 

1 1° (°K) 1 

Conductivity ( cm) 

Heating Cooling 

567 

1.7637 

* “ • e ” 0 0 • “* * * 

4.57x10" 5 

3.43x1»" 4 

bio 

1.7575 

5.71 ” 

4.86 " 

571 

1.7513 

8. fO " 

6.86 " 

573 

1.7452 

- 

1.34xlO -3 

575 

1.7391 

- 

3*71 " 

577 

1.7331 

- 

8.28 " 

570 

,1.727,1 

- 

-2 

1.06x10 

5*'l 

1,7212 

- 

1.66 " 

fr83 

1.7193, 

- 

1.91 " 

505 

1.7094 

- 

2.14 " 

Wf 

1.7*36 

- 

2.54 " 

5*9 

1.6978 . • 

- 

2,51 " 

591 . 

1.6920 

- 

2.54 " 

59* 

1.6863 

- 

2.57 " 

595 

1.6807 

- 

2.63 " 

597 

1.6750 

- 

2.71 " 

599 

1.6694 ' 

- 

2.71 n 

601 

1.6639 

- 

2.71 " 

6*3 

1.6584 


2.83 " 
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TABLE L3* Conductivity data during heating and cooling for 

^ J e.ia Hb o.9o Bro 3* 


•*. # *— # "** * * 



* V * • “ t. **“ * “ 



T(°K) 

logo_ ( o Kr 1 

Conductivity 
Heating './• ■-< 

T(°K) 

, Y} ^ 

|M0(O k) -1 

Conduct ivity 
Cooling jOu-o^J 

393 

2.5445 

1.23X10’" 7 

393 

2.5445 

1.54x1* 7 

403 

2.4814 

1.26 " 

403 

2.4814 

1.89 " 

413 

2 4213 

1.34 " 

4*5 

2.4630 

2.20 " 

417 

2 . 3981 

1.40 " 

407 

2.4570 

2.57 " 

419 

2.3966 

1.48 " 

409 

2.4450 

2.86 ” 

491 

2.3753 

1.60 " 

411 

2.4331 

3-71 ’’ 

423 

2.3641 

1.74 " 

413 

2.4213 

4.28 " 

429 

f.3529 

1.86 " 

415 

2.4096 

5-14 " 

427 

2.3419 

2.46 " 

417 

2 3981 

6. §0 11 

429 

2.3310 

3.43 " ' 

419 

2.3866 

£.86 " 

431 

2.32*2 

6.0# " 

421 

2.3753 

8.28 " 






-6 

433 

2.3095 

-6 

1.34x10 • 

423 

2.3641 * 

1.17x1* 

439 

2.2989 

1.23xl0" 5 

425 

2.3529 

1.63 ” 

437 

2.2883 

8.57 

427 

2 . 3419 

3-14 " 






-5 

439 

2.2779 

1.08X3-0" 4 

429 

2.3310 

2.28x10 

441 

2 2676 

1.23, " 

431 

2.32*2 

5.71 " 

443 

2.2573 

1.31 " 

433 

2.3095 

8.00 " 



T( ft 10 

ifnr 1 

• *™ r “* « *“** * . *“ 0*“« i # * 

Conductivity 

Heating 


X| 00 ( o K) -l 

Conductivity 

Cooling (_/i_ - oj 

453 

* 

2.2075 

2 OOxlO -4 

435 

2.2989 

-4 

1.00x1* 

4 "3 

2.159^ 

3.14 " 

439 

2.2779 

1.23 r: " 

473 

2.1142 

4.86 " 

443 

2.2573 

1.48 " 

4H3 

2 0764 

7.14 " 

453 

2.2075 

2.28 ” 

493 

2. 0204 

9.91 " 

463 

2.1598 

3-43 ’’ 

503 

1.9*81 

1..41X10 -3 

473 

2.1142 

5.43 ” 

!V] JS 

1 .9493 

2.06 " 

483 

2.0704 

7.71 " 

523 

1.9120 

2.60 ” 

433 

2. *284 

1.14xl0~ 5 

5?7 

1.8975 

2.91 " 

503 

1.9881 

1.51 " 

531 

1.8832 

3.25xlO" 5 

513 

l.$493 

2.14xl0~ 5 

533 

1.8752 

3-43 " 

517 

1.9342 

2.46 » 

535 

1.8691 

3.62 " 

519 

1.9268 

2.43 ” 

537 

1.8622 

3.68 

521 

1.9194 

2.23 ” 

539 

1.8553 

2.22 " 

523 

1.9120 

1.88 " 

541 

1.8484 

1.29 " 

5? 5 

1.9048 

1.54 " 

543 

1.8416 

j? . 57x10" 4 

527 , 

1.3975 

1.28 " 

547 

l.f?«2 

_ 5.40 " 

529 

1.8904 

i 

1.06 " 

9.14x10 4 

551 

1.8143 

4.06 " 

531 

1.8832 



"15 



" ^r- < Vr 1 ' 

Conductivity 

Heating^ ^ 

t(°k) 
■)1 

TV*')- 
~ ~ ^ ^ 

• * « * • » 

Conductivity 
Cooling (yL 

555 

1.8083 

3.48xl0~ 4 

533 

1.8762 

7.43xL0~ 4 

557 

1 7953 

2.08 » 

535 

1.8691 

5.31 " 

h 59 

1.7389 

3 03 »• 

537 

1.3622 

2.59 " 

56'i. 

1.7825 

1.14xl©“ 3 

539 

1.8553 

1.57 " 

565 

1.7762 

2.43 " 

541 

1.8484 

1.14 " 

5S6 

1.7699 

5 71 " 

543 

1.8416 

1.06 " 

56? 

1.7637 

1 . 51x1 0~ 2 

547 

1.8282 

1.06 » 

569 

1 .7575 

1.94 " 

551 

1.0149 

1.28 " 

571 

1.7513 

2.20 " 

553 

1.8083 

1.57 " 

575 

1.7452 

2.31 " 

555 

1.8010 

3.14 " 

575 

1.7391 

2.54 " 

557 

1.7953 

8.0C " 

577 

1.7331 

2.94 " 

559 

1.7889 

2.57xlO~ 3 

579 

1.7271 

2.87 " 

561 

1.7825 

1.2Cx-10~ 2 • 

581 

1.7212 

3.11 " 

563 

1.7762 

1.48 " 

585 

1.7153 

3-14 " 

565 

1.7699 

1.86 " 

- 

- 

- 

567 

1.7637 

2.14 " 

- 

— 

- 

569 

1.7575 

2.51 " 




571 

1.7513 

2.71xl0 -2 






" 

573 

1.7452 

2.9CxlO 

- 

- 

- 

575 

1.7391 

2.36 " 

- 

- 

- 

577 

1.7331 

2 .88 " 

- 

- 

- 

579 

1 7271 

3 . CO " 

- 

- 

~ 

581 

1.7212 

3.14 " 

** 

— 


583 

1.7153 

3.14 " 



TABLE D .4 Conductivity data during heating and cooling for 
0S 0. 2 0 B,) 0,80» 0 5 


t(°k) 

iooo/t(°k )~ 1 

Conductivity ( 

-~i- - cn)~ 


Heating 

Cooling 

393 

2.5445 

1.14x10 ^ 

1 . 23x1 (f 7 

403 

2.4814 

1.23 " 

1.25 " 

407 

2.457* 

1.31 " 

1.23 " 

411 

2.4331 

1.37 " 

1.2S " 

413 

2.4213 

1.37 " 

1.31 " 

415 

2.4096 

1.31 " 

1.45 " 

417 

2.3981 

1.31 " 


419 

2.3866 

1.34 " 

2 . 51xl0 -7 

421 

2.3753 

1.31 " 

2.57 " 

423 

2.3641 

1.31 " 

8.57 " 

429 

2.3529 

1.37 " 

3.14xlO -6 

427 

2.3419 

1.68 " 

n.n 5 " 

429 

2.3310 

3-43 " 

2.17xlO -5 

431 

2.3202 

9 • 14x1 0 - ** 

2.51 " 

433 

2.3095 

1.83xl0~ 5 

2.77 " 

435 

2.2989 

2.48 " 

3.17 " 

437 

2.2863 

2,97 " 

3.51 " 

439 

2.2779 

3.43 " 

3.80 " 

441 

2.2676 

3.77 » 

4.34 " 

443 

2.2573 

4.23 " 

4.85 " 

453 

2.2075 

7.24 ,f 

8.00 " 



T(°K) 1000/t(°k)~ 1 Conductivity (_2_ --sa; 

Heating Cooling 


463 

2.1598 

1.15xl0 -4 

1 . 28xl0 -4 

473 

2.1142 

1.81 " 

2.00 " 

4«3 

2 , 0704 

2.78 " 

3.14 " 

493 

2.0284 

3 71 " 

4.57 " 

497 

2.0121 

4.57 

5.14 " 

501 

1.9960 

5.43xlO~ 4 

6 . OOxlO -4 

503 

1.9881 

5.93 " 

4.57 " 

507 

1.9724 

6.95 " 

7-71 " 

511 

1.9569 

6.51 " 

8.86 " 

513 

1.9493 

8.43 " 

9.43 " 

515 

1.9417 

8.97 " 

1. OOxlO -3 

517 

1.9342 

9.83 » 

1.06 " 

521 

1.9194 

l.lQxlO -3 

1.23 " 

523 

1.9120 • 

1.18 " 

1.31 " 

525 

1 ■ 9048 

1.25 " 

1.37 " 

527 

1.8975 

1.32 " 

1.48 " 

529 

1.8904 

1.44 " 

1.57 " 

531 

1.8832 

1.50 " 

1.65 " 

533 

1.8762 

1.60 " 

1.77 " 

535 

1.8691 

1.70 " 

1.91 " 

63? 

1X622 

l.*2 " 

2.00 " 

539 

1.8553 

1.93 

2.11 " 






a 19 

t(°k) 

lfOO/T(°K)’' 1 

Conductivity ( 


**"" # *“* # *"“• , 


He; /ting 

Cooling 

541 

1.8484 

2.02xl0~ 3 

2.23xl0~ 3 

543 

1.8416 

2 .19 " 

1.65 " 

545 

1.8349 

2.28 » 

1.68 " 

54T 

1.8282 

2.39 " 

1.68 " 

549 

1.8215 

2.54 " 

1.51 " 

551 

1.8149 

2.73 " 

- 

553 

1.8083 

2.85 " 

- 

555 

1.8018 

3.03 " 

2.28xlO~ 3 

557 

1.7953 

3.08 " 

2.85 " 

559 < 

1.7889 

3 .07x1 0 - ^ 

5.43xlO~ 3 

561 

1.7825 

3-50 " 

9.14 " 

563 

1.7762 

4.41 " 

1.2 6x1 0~ 2 

565 

1.7699 

8.57 " 

1.97 " 

567 

1.7637 

1.48xl0~ 2 

2.31 " 

569 

1.7575 

1.51 " 

2.34 " 

571 

1.7513 

2.17 " 

2.37 " 

573. 

1.7452 

2.25 " 

2.43 " 

575 

1.7391 

2.40 " 

2.43 " 

577 

1.7331 

2.45 " 

2.57 " 

579 

1.7271 

2.48 » 

2.60 " 

581 

1.7212 

2.57 " 

2.57 " 

5«3 

1.7153 

2.57 " 

2.57 " 



d.VJ 


TABLE J> .5 Conductivity data during heating and cooling for 


° 8 0.25 S W 0 3 


T(°K) 

iooo/t(°k ) _1 

Conductivity ( 
Heating 

• -cm) 

Cooling 

593 

2.5445 

l.llxlO -7 

1.14xlt“ 7 

4«3 

2.4814 

1.14 

H 

1.23 " 

407 

2.4571 

1.14 

TT 

1.43 " 

411 

2.4331 

1.23 

IT 

4.2* " 

413 

2.4213 

1.21 

IT 

8.57 " 

417 

2.3981 

1.26 

n 

5.14xl0” S 

419 

2.3866 

1.31 

t? 

9.14 " 

421 

2 3753 

1.34 

IT 

1 . 20 xl 0~ 5 

423 

2.3641 

1.43 

TT 

1.37 " 

425 

2 3529 

1.48 

ft 

1.57 " 

427 

2.3419 

2.03 

TT 

1.74 " 

€% 

CM 

2.3310 

4.00 

TT 

1.94 " 

431 

2.3202 

9 43 

TT 

2.20 " 

433 

2.3095 

1.58x10 6 

2.46 " 

435 

2,2989 

4.00 

TT 

- 

437 

2.2883 

6.57 

TT 

- 

439 

2.2779 

1.06x10 5 

- 

441 

2.26576 

1.34 

TT 

- 

443 

2.2573 

1.60 

TT 

4.28xlO~ 5 

453 

2.2§75 

3. 08 

TT 

7.14 " 

463 

2.1598 

5.14 

TT 

1.14xlO~ 4 



t(°k) 

1000/T(°K) _1 

Conductivity 

A 21 

r ( — 1 -id) ^ * 

— . ^ _ 


Heating 

Cooling 

473 

2.1142 • 

• . ?5xl0~ 5 

1 . 77xl0~ 4 

4«3 

2 , 0704 

1.34xl0 -4 

2. fit " 

493 

2. .0284 

2.14 " 

4.00 " 

503 

1 ■ 9881 

3.14 " 

6.00 " 

513 

1.9453 

5.14 " 

8.57 " 

523 

1.9120 

7.43xl0~ 4 

1.17xl0~ 3 

533 

1.8762 

l.C6xlO~ 3 

1.77 " 

537 

1.8622 

1.20 " 

2.28 " 

941 

1.8484 

1.34 " 

3.43 " 

343 

1.8416 

1.46 " 

7.43 " 

545 

1.8349 

1.54 " 

9.71 " 

547 

l.f-282 

1.66 " 

1.26xl0 -2 

949 

1.8215 

1.77 " 

1.40 » 

351 

1.8149 

] .86 " 

1.57 " 

953 

1.8083 

1.57 " 

1.74 " 

555 

1.8018 

2.06 » 

1.86 » 

557 

1.7953 

2.23 " 

1.8« " 

559 

1.7889 

2.40 " 

1.94 n 

561 

1.7825 

2.77 " 

2. tO " 

563 

1.7762 

3-43 " 

2.0# » 

565 

1.7699 

4.00 " 

2.11 " 

567 

1.7637 

8.57 " 

2.08 " 



t(°k) 

1000/1 (°k) _1 

Conductivity 

Heating 

( -4^— -can ) ^ 
Cooling 

569 

1.7575 

t 0 * - O “* < 

1.14xl0“ 2 

2 c llxl o“ 2 

571 

1 7513 

1.40 " 

2.17 " 

573 

1.7452 

1.54 " 

2.23 " 

575 

1.7391 

1.66 " 

2.17 " 

577 

1.7331 

1.77 " 

2.14 " 

579 

1.7271 

1.P6 " 

2.2 " 

581 

1.7212 

1.91 " 

2.2 " 

5*3 

1.7153 

2.06 " 

2.20 " 



A 23 

'T’/VBLF 1)6 Conductivity data on Cs n , n Rb_ _ JTO, 

0*30 O.70 3 


T(°K) 

iooo/t(°k) -1 

9 ° * f 

Conductivity (Obm-cm) 
Heating Cycling 


*■** *"* — «*» •— — 0 ~- 



393 

2.5445 

1.14xl0~ 7 

1.23xlO -7 

403 

2.4814 

1.28 " 

1.31 " 

407 

2.4570 

1.2S " 

2.31 " 

411 

2.4331 

1.40 " 

6,28 " 

413 

2.4213 

1.46 " 

1.06xl0 -6 

415 

2 4096 

1.51 " 

2.17 " 

417 

2.3981 

1.54 " 

5.14 " 

-5 

419 

2 3866 

1.60 " 

1.03x10 

" 01 

* r A ,X 

2.3753 

1 80 " 

1.34 " 

473 

2.3641 

2 34 " 

1.57 " 

425 

2.3529 

4 00 " 

1.86 " 

427 

2.3419 

1.54xlO -6 

2.08 " 

429 

2.3310 

5.43 " 

2,36 " 

431 

2.3202 

9.71 " 

2.66 " 

433 

2.3095 

1.20xl0~ 5 

2.»6 " 

435 

2 2989 

1.34 " 

3.43 " 

a 3' 7 

2 2883 

1.54 " 

3-71 " 

4 '>'■ 

2 2779 

1.74 " 

4 28 " 

441 

2 . 2676 

2.06 " 

4.86 ” 

443 

2 2573 

2 28 " 

5*14 " 

453 

2 2075 

3.71 " 

8.86 " 

463 

2.1598 

6.28 " 

1.48xl0" 4 

473 

2,1142 

1.06xl0" 4 

2.37 " 

483 

2 *704 

1.71 " 

3.71 " 

493 

2.0284 

2.71 " 

5.43 " 

503 

1.9881 

4.00 " 

8.00 " 



T(°K) 

iooo/t(°k) 1 

Conductivity (Obm-ctn) 



Heating 

Cooling 




-3 

513 

1.9493 

6.28x10 

1.14x10 

523 

1 9120 

9.14 " 

1.40 " 

527 

1.8975 

1.06xl0~ 3 

1.80 " 

529 

1 8904 

1.11 " 

1.91 " 

531 

1 . 8832 

1.20 " 

2.06 " 

533 

1.8762 

1.36 " 

2.23 " 

535 

1.8691 

1.4C " 

2.37 ” 

537 

l.»622 

1.51 " 

2.51 " 

539 

1.8553 

1,60 " 

2.66 ” 

541 

1.8484 

1.71 " 

2.83 " 

543 

l.f#16 

1.83 " 

2.80 " 

545 

1 8344 

1.94 " 

3-14 ” 

547 

1.8282 

2.06 n 

3.71 ” 

549 

1.6215 

2.17 " 

4.57 ” 

551 

1 8149 

2.31 M 

6.28 " 

553 

1 8083 

2,51 " 

9-14 " 

555 

1.8018 

2,63 " 

1.2 3x1 0~' 

557 

1.7953 

2.83 ’’ 

1.51 " 

559 

1 , 7889 

3 08 " 

1.68 ” 

561 

1.7825. 

3.43 " 

1 #3 " 

563 

1 7762 

4.57 " 

1.88 " 

565 

1 7699 

7-43 " 

/ 

2.00 " 

J* 

567 

1 7637 

9.71 ” 

2. §8 " 

569 

1.7575 

l.llxlO -2 

2.08 ” 

571 

1 7513 

1.37 " 

2.11 " 

573 

1.7452 

1 57” 

2.31 " 



% 


T( n K) " 

iooo/t( 0 k ) -1 

Conduct ivity (ohm-cru) 

Heating Cooling 

575 

1.7391 

1 80xl0“ 2 

2 . 20 xl 0 -2 

577 

1 7331 

1.91 " 

ro 

ro 

o 

579 

1.7271 

2.06 ” 

2.20 " 

581 

1 7212 

2.06 " 

2.26 " 

583 

1 7153 

2 06 " 

2.26 " 



^26 


* 


T/iBL 1 " 1 

D7 Conductivity data 

0n K D.02 Eb 0. 

9S N0 3 

t(°k) 

iooo/t^'k)" 1 

Conductivity ( Ohm-cm )" 1 

- . - - 

— ». _ 

Heating 

Cooling 

393 

2 - 5445 

l.llxlO -7 

1 17x10 7 

393 

2 5316 

1.11 " 

— 

497 

2 5188 

1.11 " 

— 

339 

2 5*62 

1.11 " 



401 

2 4937 

1.11 " 

__ 

403 

2.4814 

1.11 » 

1.17xl0“ 7 

405 

2 4691 

1 11 » 

— 

407 

2.4570 

1.14 ” 

— 

409 

2 4449 

1.14 " 

1.20xl0~ 7 

411 

2 4331 

1.11 " 

1.17 " 

413 

2 4213 

1.14 " 

1.17 " 

415 

2 4096 

1.14 " 

1.26 " 

417 

2.3981 

1 11 " 

1-37 " 

419 

2.3866 

1.11 " 

1.46 " 

401 

2.3753 

1.20 " 

2.28 " 

423 

2.3641 

1.24 " 

5.71xlO -6 

425 

2.3529 

1.28 » 

6.57x10" 5 

4?7 

2.3419 

1.43- " 

1.40xl«" 4 

439 

2 3310 

1.43 " 

1.80 " 

431 

2.3202 

1.54 " 

1.97 " 

433 

2.3095 

1.60 " 

2.14 " 

435 

2.2989 

1.91 " 

2.37 " 

437 

2 2883 

3-71 " 

2-57 " 

*39 

2 2779 

6.86 " 

2.86 " 



-6 


441 

2 2676 

3 26x10 

3-14 " 



-5 

3.43 " 

443 

2 2573 

4.57x10 ' 



t (" k )’ 

iooo / t (* k ) -1 

Conductivity ( Ohm-cm ) 



Heating 

Cooling 

445 

2 2472 

_ 

3 . 71 xl 0" 4 

447 

2,2371 

1 71 xl 0~ 4 

4.00 " 

449 

2,2272 

2 26 " 

4-57 " 

4 51 

? . 2173 

2.71 " 

4.57 " 

453 

2 2075 

3 03 " 

2 28 " 

-5 

455 

2.1978 

3 43 " 

8 . 57 x 10 

457 

2.1882 

3 71 " 

3.71 " 

459 

7 1786 

4,00 " 

1.43 " 

—6 

451 

2. 1692 

4 28 " 

5 . 43 x 10 

463 

2.1598 

4.57 ” 

2.66 " 

465 

2.1505 

4.86 " 

2.14 " 

467 

2.1413 

5-14 " 

2.08 " 

469 

2.1322 

5 = 71 " 

2.11 " 

471 

2 1231 

6.00 " 

2.23 " 

473 

2.1142 

6.57 

2.40 " 

475 

2 1053 

6.86 " 

2.57 " 

477 

2 * 9*4 

7.43 " 

2.74 " 

4f9 

2 0877 

8.00 " 

2,86 " 

481 

2 0790 

8.37 " 

3-14 " 

483 

2 0704 

9.14 

3-43 " 

485 

2 0619 

9.43 " 

3.71 " 

487 

2 0534 

9.43 " 

4,00 " 

489 

2 0450 

8,57 " 

4.28 " 

491 

2 0367 

6 . 57 " 

4.57 " 

493 

2 • 0284 

3-71 " 

4.86 " 

495 

2.0202 

1.71 " 

5-43 " 



t(°k) iooo/t( # k )" 1 


497 

2 . 0121 

499 

2 0040 

501 

1 9960 

505 

1 9881 

505 

1.9802 

507 

1.9724 

509 

1 9646 

511 

1.9569 

513 

1.9493 

515 

1 9417 

517 

1.9342 

519 

1.9268 

521 

1.9194 

523 

1.9120 

525 

1,9048 

527 

1.8975 

529 

1 8904 

531 

1 8832 

533 

1.8762 

535 

1.8691 

537 

1.8622 

539 

1 8553 

541 

1 8484 

543 

1 8416 

545 

1.8349 

547 

1 8282 


Conductivity (Ohm-can) 


1 . 08 xlo “ 4 

c 

5 . 71 x 10 

7 . 71 xl 0~ 5 

6.00 " 

5.43 " 

6.57 ’’ 

3 43 " 

6 86 " 

o 

o 

CM 

7.43 " 

1.37 " 

8.00 " 

1.11 " 

8.57 " 

1.03 " 

9.14 " 

1.03 " 

9.71 " 

P 

1.06 " 

1 . 03 x 10 “' 

1.06 " 

1.08 " 

1.08 " 

1.14 " 

1.14 " 

1.23 " 

1.20 ” 

1.31 ’’ 

1.26 " 

1.43 " 

1.34 " 

1.54 " 

1.40 " 

1.63 " 

1.48 " 

1.74 " 

1.60 " 

1 86 " 

1 68 " 

2 . C 8 ” 

1.80 " 

2.26 " 

1.91 " 

2.43 " 

2.03 ,r 

2.57 " 

2.17 " 

4.57 " 

2.31 " 

8.00 " 

2.43 " 

1 . 11 x 10 * 



A 


29 


T(°K) 

1000/T(*K) _1 

Conduct ivity (Obm-em.) ^ 
Heating Cooling 

549 

1.8215 

2 57xlO -5 

2.00x10“'' 

551 

1-8149 

2.77 " 

3,43 " 

553 

1 . 8083 

2 97 " 

7.14 " 

555 

1.8018 

3.43 " 

1.26x10 ^ 

VJ1 

VJ1 

1.7953 

3.71 " 

1.66 " 

559 

1 7889 

4.28 " 

-3 

561 

1 7825 

4 86 " 

2.20x10 

563 

1 7762 

6.86 " 

2.28 " 

565 

1 7699 

8,28 " 

4.28 " 

567 

1.7637 

9.43 " 

-4 

6 00 " 

„-2 

569 

1 7575 

1 08x10 

l.OCxlO 

571 

1.7513 

1,28 " 

1.34 " 

573 

1-7452 

1.60 " 

1.80 " 

575 

1 7391 

2.08 " 

2.11 " 

577 

1 7331 

3.26 " 

2.57 " 

579 

1-7271 

5.71 " 

2.86 " 

581 

1 7212 

1 08xl0~ 3 

3.14 " 

583 

1.7153 

1.40 " 

3.14 " 

585 

1.7094 

1 88 " 

3.14 " 

co 

Lf\ 

1.7036 

4.28 " 

3-14 " 

589 

1 6978 

8.28 " 

„ „ . _-2 

— 

591 

1.6920 

2 . 40x10 


593 

1.6863 

- 

3. 43x1 0 ~* 

595 

1.6807 

3 71xl0 -2 

3.43 " 

597 

1.6750 

3 43 " 

3.43 " 

599 

1.6694 

3.43 " 

3.43 " 

601 

1.6639 

3-43 " 

3.43 " 

603 

1.6584 

3.43 " 

3.43 u 



TABLE D.8 

Conductivity data 

on K 0.04 Eb 0.96 :K0 3 

T(°K) 

looo/T CkT 1 

Conductivity 

Heating 

( Ohm- cm) 

Cooling 

393 

2 5445 

1.26xl«“ 7 

1.4QxL«” 7 

395 

2 „ 5316 

1.26 " 

1.43 " 

397 

2 . 5188 

1 23 " 

U3 

i — ! 

395 

2.5062 

1-26 » 

1.51 " 

401 

2.4937 

1.26 " 

1.57 " 

403 

2.4814' 

1.28 " 

1.94 " 

405 

2.4691 

1.26 " 

2.40 " 

407 

2.457* 

1.26 ” 

2.66 " 

409 

2.4449 

1.28 " 

2.86 " 

411 

2.4331 

1.34 " 

3-14 ■' 

413 

2 4213 

1.31 " 

3-43 " 

415 

2 4096 

1.28 " 

3.71 " 

417 

2 . 3981 

1.28 " 

4.57 " 

419 

2.3866 

1.28 " 

8.86 " 

-6 

421 

2.3753 

1.37 " 

2 . 28x10 

4.00xl0 _5 

423 

2.3641 

1.43 " 

425 

2.3529 

1.48 " 

7.43 " 

427 

2.3419 

1.51 " 

7.14 " 

429 

2.3310 

1.57 ” 

4.83 " 

431 

2.3202 

1.68 " 

2.80 " 

433 

2 3095 

1.86 " 

1-34 " 

-6 

435 

2 2989 

2.17 " 

6 . 57x10 

437 

2 .. 2883 

4 00 " 

2.54 " 

439 

2 - 2779 

£ 

4 57xlO - 

1.77 " 

441 

2,2676 

2.60xl0~ 5 

1.48 ” 

443 

2.2573 

8.0 " 

1.34 ” 



** **" 



- - - 

t(*k) 

iooo/t(*k) _1 

Conductivity (Obm-cm) ^ 



Heating 

Co*ling 


* * u 


6 

445 

2.2472 

1.40x10 

1 . 28x1 C 

447 

2.2371 

l.f3 " 

1.26 " 

449 

2.2272 

1.86 " 

1.26 " 

451 

2.2173 

2.06 " 

1.28 " 

453 

2.2075 

2.23 " 

1.31 " 

455 

2.197* 

2.40 " 

1.37 " 

457 

2 . 1882 

2.57 " 

1.46 " 

459 

2.1786 

2.68 " 

1.54 " 

461 

2 1692 

2.80 " 

1.66 " 

463 

2.1598 

2 86 " 

1.80 " 

465 

2.15H 

2.83 " 

1.94 " 

467 

2 . 1413 

2.54 " 

2.08 " 

469 

2.1322 

2.40 " 

2.20 " 

471 

2.1231 

2.37 " 

2.37 " 

473 

2.1142 

2.31 " 

2.57 " 

475 

2.1053 

2.28 » 

2.77 " 

477 

2.0964 

2-23 " 

3 00 " 

479 

2 C377 

2.11 " 

3-14 " 

481 

2 8790 

1.91 " 

3.43 " 

483 

2.0704 

1.77 " 

3-71 " 

485 

2 . 0619 

. 1.60 " 

4.00 " 

487 

2 0534 

1.46 » 

4.57 " 

489 

2.0450 

1.28 " 

4.86 " 

491 

2.0367 

1.06 " 

5-14 " 

493 

2 0284 

8.86x10 ^ 

5.43 " 

495 

2.0202 

6.86 " 

5-71 " 



T(°K) 

1000/t(*k)~ 1 

Conductivity (cbm-cm) - 

— « - - „ - - 


Heating 

Coaling 

497 

2 . 0121 

5.43xlC~ 5 

6.0xl0 -6 

499 

2 0040 

3.71 " 

6.28 " 

501 

1 9960 

2.57 " 

6.86 " 

505 

1.9881 

1.80 " 

7.43 " 

505 

1.9802 

1.43 " 

7-71 " 

507 

1-9724 

1,20 » 

8.57 " 

509 

I.O646 

1.11 " 

9.14 " 

511 

1 9569 

1.08 " 

1 00xl0~ 5 

513 

1.9493 

1.08 " 

1.06 " 

515 

1.9417 

1.11 " 

1.14 " 

517 

1.9342 

1.14 " 

1.23 " 

519 

1.9268 

1.17 " 

1.31 " 

521 

1.9194 

1.20 » 

1.37 " 

523 

1.9120 

1.26 " 

1.48 " 

525 

1.9048 

1.31 " 

1.57 " 

527 

1.8975 

1.37 " 

1.68 " 

529 

1.8904 

1.43 " 

2.00 " 

531 

1.3832 

1.48 " 

2.26 " 

533 

1.8762 

1.54 " 

2.43 " 

535 

1.8691 

1.63 " 

2.63 " 

537 

1.8622 

1.71 " 

3.14 " 

539 

1-8553 

1.83 " 

4.00 " 

541 

1.8484 

1.94 " 

5.43 " 

543 

1-8416 

2.06' " 

6 86 " 

545 

1.8349 

2.17 " 

9.43 " 

547 

1.8282 

r* t* • ** 

* J“\ 

1.23xl0~ 4 

549 

1.8215 

2,48 " 

1.77 " 



t(°k) 

iooo/t(°k) -1 

Conductivity (Ohm-cm) 4 

‘ * 1 


Heating 

Cooling 

551 

1.8149 

2 . 68x1 O - ^ 

3. 71x1 0~ 4 

553 

1.8083 

2.J>6 " 

6.57 " 

555 

1.8018 

3-14 " 

1.48xl0 -5 

557 

1.7953 

3-71 " 

2.00 " 

559 

1.7889 

4.28 " 


561 

1.7825 

5.71 " 

3.43xl0 -5 

563 

1.7762 

8.86 " 

6.00 " 

565 

1 7699 

l.llxlO -4 

9.14 " 

567 

1.7637 

1.31 " 

1.23xl0 -2 

569 

1 7575 

1.51 " 

1.57 " 

571 

1.7513 

1.63 " 

1.83 " 

573 

1.7452 

2.00 " 

1.97 " 

575 

1.7391 

2.83 " 

2.06 » 

577 

1.7331 

4.28 " 

2.23 " 

579 

1.7271 

8.28 

2.28 " 

581 

1 7212 

4.00xl0 -5 

2.34 " 

583 

1.7153 

6.00 " 

2.31 " 

585 

1.7094 

8.00 » 

2.40 " 

587 

1.7036 

1 17xl0 -2 

2.46 " 

589 

1.6978 

2.03 " 

2.54 " 

591 

1.6920 

2.34 " 

2.54 " 

593 

1.6863 

2.71 " 

2.57 " 

595 

1.6807 

2.46 " 

2.51 " 

597 

1.6750 

2.57 " 

2.63 " 

599 

1.6694 

2.63 " 

2.68 » 

601 

1.S639 

2.66 " 

2.74 " 

603 

1.6584 

2.68 

2.77 " 



TABLED. 9 

Conductivity data 

on ^o.os^o.gs^S 

T(°K) 

iooo/t(°k)“ 1 

Conductivity ( Ohm-eui ) ^ 

Heating Cooling 

39? 

2.5445 

1.3 4x1 0~ 7 

3.71xlO~ 7 

403 

2.4814 

1.66 " 

3-43 " 

407 

2.4570 

1.91 ” 

* 

c 

0 

/111 

2.4331 

2.11 » 

4.57 " 

413 

2.4213 

CM 

CM 

4.57 " 

415 

2,4096 

2.43 

5.14 " 

41-7 

2 3981 

3.14 " 

5.14 " 

419 

2.3866 

3.43 " 

5.71 " 

421 

2.3753 

3.71 " 

6.00 " 

423 

2.3641 

4.28 " 

7.71 " 

—6 

425 

2.3529 

4.57 " 

2.00x10 

427 

2.3419 

4.86 " 

3.43 " 

429 

2.3310 

5.43 " 

1.28 " 

-7 

431 

2.3202 

6.57 " 

-6 

7.71x10 

433 

2 3095 

1.14x10 

7.43 

435 

2 • 2989 

8. 57 " 

7.43'" 

437 

2.2883 

4.00x10 ^ 

7.43 " 

439 

2.2779 

6.8# " 

7.71 " 

441 

2.2676 

1.03x1 0 -4 

7-71 " 

443 

2,2573 

1.34 " 

8.00 " 



t(°k) 

iooo/t(°k) -1 

Conductivity ( Ohm-era) ^ 



• Heating 

Cooling 

445 

2.2472 

1.54xlO -4 

8.43xl«“ 7 

447 

2 .f 371 

1.63 " 

8.57 " 

449 

1.2272 

1.66 » 

8.86 " 

451 

2.2173 

1.71 " 

9.71 " 

453 

2 2075 

1.74 " 

1.03xl0~ 6 

455 

2.1978 

1.75 " 

1.11 » 

457 

2.1882 

1.78 " 

1.20 ■■ 

459 

2.1786 

1.74 " 

1.31 " 

461 

2.1692 

1.72 " 

1.43 " 

463 

2,1598 

1.52 " 

1.51 " 

463 

2.15f5 

1.59 " 

1.63 " 

4 67 

2.1413 

1.53 " 

1.74 " 

469 

2.1322 

1.41 " 

1.88 " 

471 

2,1231 

1.27 " 

2.03 " 

473 

2 . 1142 

1.14 " 

2.20 " 

475 

2.1053 

1.03 " 

2.37 " 

477 

2.0964 

• 8.86xlO -5 

2.54 " 

479 

2.0877 

7.83 " 

2,77 " 

481 

2 0790 

6.28 " 

3.14 " 

483 

2.0704 

4.0C " 

3-43 " 

485 

2 . 0619 

2.86 " 

3.71 " 

487 

2.0534 

2.00 " 

3-71 " 

489 

2.0450 

1.66 " 

4.00 ” 

491 

2. 0367 

1.26 " 

4.26 " 

493 

2.0284 

8.86xl0 -6 

4.57 " 

495 

2.0202 

7.71 " 

5*14 " 




T(°K) 

iooo/t(°k)“ 1 

Conductirity (QM-cct) 



Heating 

Cooling 

497 

2.0121 

7.14x10“^ 

5 • 4 3x10 

499 

2.0040 

6.86 » 

5.71 " 

901 

1 9960 

7.14 " 

6.00 " 

903 

1 9881 

7.20 " 

6.57" 

505 

1 9802 

7.34 " 

7.43 " 

!>- 

O 

LOi 

1.9724 

7-51 " 

8.00 " 

509 

1 ..9646 

7.63 " 

8.57 " 

511 

1.9569 

7-91 " 

8.86 » 

513 

1.9493 

8.20 " 

9-71 " 

515 

1.9417 

8.51 " 

1.06x1® 

517 

1.9342 

8.83 " 

1.11 " 

519 

1.9268 

9,2* " 

1.20 » 

521 

1.9194 

9.60 " 

-5 

1.28 " 

523 

1.9120 

1.01x1* 

1.37 " 

525 

1.9048 

1.06 " 

1.48 " 

c- 

CM 

ITi 

1.8975 

1.13 " 

1.60 " 

529 

1.8904 

1.19" 

1.74 " 

531 

1.8832 

1.23 " 

1.38 " 

533 

1 8762 

1.32 " 

2.06 " 

535 

1.8691 

1.41 " 

2.20 " 

537 

1.8622 

1.47 " 

2.57 " 

539 

1.8553 

1.55 " 

3-43 " 

541 

1,8484 

1.64 " 

4.28 " 

ir\ 

1.8416 

1.75 " 

5.43 " 

545 

1.8349 

1.85 " 

7.43 " 

547 

1.8282 

1.98 " 

1.03x10“ 

549 

1.8215 

2.10 " 

1.57 " 




T ( n K ) 

iooo / t (° k ) 1 

Conductivity (ohm-cm) 
Heating Cooling 

551 

1.8149 

2 . 28 xl 0~ 5 

2 . 57 x 10 

553 

1.8083 

2.86 " 

3.43 " 

555 

1.8018 

3-71 " 

4.00 " 

557 

1.7953 

4.80 " 

4 . 2 P " 

559 

1.7889 

5.37 " 

4.57 " 

561 

1.7825 

5.«3 " 

5-14 " 

563 

1.7762 

6.66 " 

6.57 " 

565 

1.7699 

5.86 " 

1 . 37 x 10 " 

367 

1.7637 

7.34 " 

-4 

2.43 " 

565 

1.7575 

1 . 08 x 10 

— 

571 

1.7513 

1.45 ” 

2 . 73 x 10 

573 

1.7452 

3.08 

2.76 " 

575 

1.7391 

5.14 " 

2.30 " 

577 

1.7331 

8.00 " 

2.30 " 

579 

1.7271 

1 . 48 xl 0~ 3 

2.34 " 

581 

1.7212 

3 . 14 xl 0 -1 

2.40 " 

583 

1.7153 

3.11 " 

2.39 " 

585 

1.7094 

1.11 " 

2.40 " 

587 

1 7*36 

1.14 " 

2.40 " 

589 

1.6978 

1.14 " 

2.40 " 

591 

1.6920 

1.17 " 

2.40 " 

593 

1.6863 

2.43 " 

2.47 " 

595 

1.6807 

2.43 " 

2.46 " 

597 

1.6750 

2.43 " 

2.45 " 

599 

1.6694 

2.43 " 

2.44 " 

601 

1.6639 

2.43 " 

2.44 " 

603 

1.6584 

2.43 " 

2.43 " 



Table 1.10 Conductivity data on K. _JSTO_ 


T(*E) 

iooo/t^k)" 1 

Conductivity (ohm-cm) 
Heating Cooling 

393 

2.5445 

1.94xlO~ 7 

2.34x10“ 

iT\ 

CT\ 

2 5316 

2,06 » 

2.48 " 

397 

2 .. 5188 

2.11 » 

2.54 " 

39 9 

2.5062 

2.83 " 

2 77 " 

401 

2.4927 

3.14 " 

2.83 ” 

403 

2.4814 

3.71 " 

2.88 « 

405 

2.4691 

4 . to " 

2.94 " 

407 

2 4570 

4.57 " 

2.97 " 

409 

2 44*9 

5.14 " 

3.03 " 

411 

2.4331 

5.43 " 

2.94 " 

413 

2.4213 

6.f0 " 

2.94 " 

415 

2 .4096 

6,86 " 

3.14 " 

437 

2.3981 

7.71 " 

3.14 " 

419 

2.3866 

8.57 " 

3-71 " 

421 

2.3753 

9.71 " 

4-57 " 

423 

2.3641 

1.08xl0~ 6 

4.86 " 

425 

2.3529 

1.26 " 

5-14 " 

427 

2.3419 

1.40 " 

5-43 " 

429 

2.3310 

1.60 " 

5-71 " 

431 • 

2.3202 

1.83 " 

6.00 " 

433 

2. .309 5 

2.51 " 

6.57 " 

435 

2 . 2989 

3*71 " 

6.86 " 

437 

2 . 2883 

1.14xlO -5 

7.43 " 

439 

2.2779 

2.74 " 

8.00 " 

441 

2.267^. 

2.2573 

5.71 " 

8.28 " 

443 

1.14xl0 -4 

8.86 " 
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t (* f ) 

100 C /' l (° K ) _1 

Conductivity 

Heating 

* * e • ”* 0 

(Ohm-cffl.) 4 
Cooling 

445 

2.2472 

1 . 34 xlO ~ 4 

9 . 43 x 10 ^ 

447 

2.2371 

1.43 " 

1 . 03 xl 0 -6 

449 

2.2272 

1.48 " 

1.11 » 

451 

2.2173 

1.54 " 

1.23 " 

453 

2.2075 

1.57 " 

1.28 " 

455 

2.1978 

1.57 " 

1.43 " 

45, 7 

2.1882 

1.57 " 

1.51 " 

459 

2.1786 

1.54 " 

1.63 " 

461 

2 , k 692 

1.51 " 

1.74 " 

463 

2.1598 

1.43 " 

1.91 " 

465 

2.1505 

1 . 37 " 

2.06 " 

467 

2.1413 

1.26 " 

2.20 " 

469 

2.1322 

1.20 " 

2.40 " 

471 

2 1231 

1.11 " 

2.60 " 

473 

2.1142 

1.00 " 

2.74 " 

475 

2.1053 

8 . 86 x 10 "^ 

3.03 " 

477 

2.0964 

8.00 " 

3*14 " 

479 

2 0877 

6,86 " 

3.43 " 

/■81 

2 0790 

5-71 " 

3.71 " 

483 

2 . 070 V 

4.86 " 

4.00 " 

485 

2 . 0619 

4 .00 " 

4 . 28 , " 

487 

2.0534 

3.14 " 

4.86 " 

489 

2.0450 

2.28 " 

5.14 " 

491 

2 0367 

1.74 " 

5.43 " 

493 

2 0284 

1.40 " 

5.71 " ' 

495 

2.0202 

Irll " 

6.28 " 



*( ? k) 

iooo/t(°k)“ 1 

Conductivity (ohm-cm) 



Heating 

Cooling 

• • ° < 

-6 

497 

2 . §121 

9.71x10 

6 . 57x10 

499 

2 . 0040 

9.14 " 

7.14 " 

501 

1.9960 

9.H " 

7.71 " 

503 

1.9881 

9.43 " 

£.28 " 

505 

1.9802 

9.71 " 

• .86 " 

507 

1.9724 

I.i03xl0 -5 

9.43 " 

-5 

509 

1.9646 

1.(16 " 

1.03x11 

511 

1.9569 

1.14 " 

1.08 " 

513 

1.9493 

1.20 " 

1.20 " 

515 

1.9417 

1.28 " 

1.26 " 

517 

1.9342 

*•34 " 

1.37 " 

519 

1.9258 

1.40 " 

1.46 " 

521 

1.9194 

: .46 » 

1.54 " 

523 

1.9120 

1.57 ” 

1.68 " 

525 

1.9048 

1.66 " 

1.83 " 

527 

1 8975 

1.77 " 

2.00 " 

529 

1.8904 

1.86 " 

2.14 " 

531 

1.8832 

1.97 " 

2,3k " 

533 

1.8762 

2.11 " 

2.60 " 

535 

1.8691 

2.23 " 

2.94 " 

537 

1.8C22 

2.37 " 

3-43 " 

539 

1.8553 

2.48 " 

4.57 " 

541 

k, 8484 

2,66 » 

7.43 " 

543 

1.3416 

2.88 " 

9.71 " 

545 

1,8349 

3. 08 » 

1.28x10 

547 

1.1282 

3.43 " 

1.68 " 

549 

1.8215 

3.43 " 

2.57 " 



t(°k) 

1000/T (°K) _I 

Conductivity (Ohm-cm) ^ 
Heating Coding 

““ — * ■ 



-*• « « — . — , 

551 

1.8149 

3.71xlO~ 5 

3.43xlt -4 

553 

1.8083 

4.23 " 

6.00 " 

555 

1.8018 

4 86 " 

1 . 23 xlO -5 

557 

1.7953 

7.14 " 

2.57 " 

559 

1.7889 

1.51xl0~ 4 

4.00 " 

561 

1.7825 

2.06 " 

6.28 » 

563 

1.7762 

2.40 " 

8.86 " 

-2 

565 

1.7699 

2.54 " 

1.31x10 

567 

1 7637 

2.54 " 

1.77 " 

569 

1.7575 

2.68 " 

2.17 " 

571 

1.7513 

4.57 " 

2.40 " 

573 

1.7452 • 

8.28 " 

2.63 " 

575 

1 7391 

l.OOxlO -3 

2.74 " 

577 

1.7331 

2.28 » 

2.86 " 

579 

1 7271 

8.00 " 

2.86 " 

581 

' 1.7212 

1.74xl0~ 2 

2.86 " 

583 

1.7153 

2.28 " 

2.86 " 

585 

1.7094 

0 

2.86 " 

587 

1.7036 

3 . 03 x 10 

2.86 " 

589 

1.6978 

2.86 " 

- 

591 

1.6920 

2.86 " 

_ -2 

593 

1.6863 

2.86 " 

3*14x10 

.595 

1.6807 

2.86 " 

3.14 " 

597 

1 6750 

3-14 " 

3.14 " 

599 

1.6694 

3-14 " 

3-14 " 

6*1 

1.6639 

3.14 " 

3.14 " 

603 

1.6584 

3-14 " 

3.14 " 



E ♦ ETA data 



TABLE ; El Thermal hysteresis date derived from ETA curves (figs- or 
4.6 at x = 0) of EbIO for I? ^ III and III ^ II 
transformations. ^ 


■ ‘ It in 


• 0 “** * 




Heat ins 


Cooling 


heating 

Cooling 

Temperature 

(oC) 

Traction 

transfor- 

med 

Tempera- 
ture (°c) 

Fraction 

transfor- 

med 

Tempega-Iraction 
ture( C transfor- 
med 

Tempera Eracti' 
-tur e ( C ) transf < 
med 

” * c ” » o- a u 0 

ir ~ 0 

o.co 

158.0 

1.00 

220.0 

v 0.00 

213-5 

1 , 0 

162.0 

0.00 

156-5 

0.93 

222.5 

0.07 

212 . 0 

0.91 

165.0 

0.15 

156,0 

0.83 

223-5 

0.20 

211.5 

0 83 

165-5 

0.25 

156.0 

0.73 

225.5 

0.32 . 

211.0 

0.68 

167.0 

0.46 

156.0 

0.63 

226 . C 

0.44 

210.5 

0.52 

168 . C 

0.62 

156.0 

0.48 

228.0 

0.67 

210.0 

0-36 

169 . 0 

0.78 

156.0 

0.33 

230.0 

0.91 

209-5 

0.21 

170.0 

0.90 

156.0 

0.18 

231-5 

1.00 

208.0 

0.12 

170.5 

1.00 

155-5 

0 . C 7 



207-0 

0.05 



154-0 

0 . C 3 



204-0 

0.00 



152.0 

0.00 







TABLE E2 


Thermal hysteresis data derived from DTA curves (fig, 4. 5 
at x = O.O 5 ) of Cs_ nR Rb $T0_ system for IV ?== III and 
III II transformations? 3 3 



IV 

^ III 

~ “ 

III 5== 

II 

' 4> “ • ~ tf ' 

Heating 

Cooling 

Heating 

Cooling 


Tempera- 
ture ( c) 

Erection Tempera- Fraction 
transf or-tur e ( ° C ) transfor- 
mod nied 

Tempera-Era ct e. on 
ture( ^transfor- 
med 

Tempera- Erection 
ture( c) transfor- 
med 

158.0 

0.00 

155.0 1.00 

240.0 

0.00 

229.5 

1.00 

160.0 

0.015 

154.5 0.92 

244.0 

0.06 

228.0 

0.88 

161.0 

0.10 

154 5 0.83 

244.5 

0.15 

228.0 

0.73 

161.5 

0.20 

134.5 0.70 

245.5 

0.31 

227.5 

0.57 

162 . 5 

«. 30 

154 0 0.55 

246.0 

0.49 

227.0 

0.41 

164.0 

0.50 

153.5 0.42 

247.0 

0.64 

226.0 

0.25 

164.0 

0.60 

153.0 0.28 

248 .0 

0.02 

225.0 

0.10 

164.5 

0.745 

152.0 0.15 

249.5 

1.00 

220,0 

0.00 

165- 5 

0.84 

150.8 0.05 





I 67.0 . 

0.935 

144.0 0.00 





169.5 

1 on 
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TABLE E3» Thermal hysteresis data derived from DTA curves (fig 4*5? 

at x = 0.] o) of Cs„ in Eb_ o JST0 s y steu for IV ^ 111 

and III II transfcrmarifins. 



IV 

=^= III 



III ^ II 


Keating 

Oooliru? 


Heating 

Cooling 

Tempera- Fraction 
turo('c) transf or- 
med 

Tempera- Fraction 
ture( c) transfor- 
med 

Tenpera-Eracticn 
tar e ( ° C ) ■ t r p ns f ar- 
med 

Tempera-Fraction 
- ture(°c)transf or- 
med 

154.0 

0.00 

152 ..0 

1.00 

258.0 

0.00 

244.0 

1.0» 

157-5 

0.02 

150.5 

0.95 

260.0 

0.01 

242.0 

0.S2 

159.0 

0.05 

150.0 

0.87 

261.5 

0.07 

242.0 

0.79 

160.0 

0.14 

150 0 

0.74 

262.0 

0.14 

741.0 

0.65 

161.0 

0.27 

149-5 

0.62 

262.5 

0.27 

240.0 

0.44 

162.0 

0.35 

149.0 

0.46 

263-5 

0.41 

238.0 

0.2/ 

162.5 

0.44 

148.0 

0.34 

264.0 

0.54 

236.0 

0.10 

163.0 

0.53 

147.0 

0.22 

265.5 

0.68 

233.5 

0.03 

163,5 

0.62 

145-3 

0.14 

267.0 

0.82 

230.0 

0.00 

16.;. o 

0.71 

144.5 

0.06 

269.0 

0.93 



165-0 

0.80 

143-0 

0.03 

270.0 

1.00 



165 5 

0.88 

138 0 

0.00 





166,5 

1.00 








* 



P « Pilatometric data 


TABLE J.l - Dilatonetric data on thermal expansion of RbNO,. Length of 
rod specimen ( JC ) = 1.5 «a ' 5 



HEATH? G 

’ p “ c 

* * 


COOLING 

Tempera- , (/ 
ture(°c) "ir'V 1 ° " 

Tempera- A n -a 

ture(°c) 

Tempera- 
ture (°c) 

* 

IT ‘ 

Tempera- 

ture(°c) 

X (0 

81 

2 93 

211 

30.58 

275 

76.78 

199 

56.(6 

91 

3.81 

213 

36 30 

273 

76.71 

197 

52.36 

101 

4 75 

215 

42-90 

271 

76.56 

195 

47.52 

111 

5.65 

217 

50.16 

269 

76.34 

193 

41.14 

121 

6.53 

219 

57.49 

267 

75-90 

191 

39.60 

191 

7 55 

221 

63.14 

265 

75.24 

189 

39.38 

141 

8.65 

223 

65.78 

263 

74.80 

181 

38.13 

151 

9.75 

225 

66.66 

261 

74.14 

171 

36.30 

153 

10.34 

227 

67.10 

259 

73.77 

161 

34.54 

155 

11.22 

233 

67 98 

257 

73.48 

155 

33.29 

157 

12.98 

239 

68.71 

255 

72.75 

153 

32.96 

159 

15 55 

245 

69.45 

249 

7172 

151 

31.90 

161 

18.33 

251 

70.18 

243 

71.06 

149 

30.36 

163 

19.80 

257 

70.77 

237 

70.40 

147 

28.45 

165 

20.24 

263 

71.65 

231 

69.89 

145 

27.35 

167 

20. 6C 

265 

72 53 

225 

69.37 

141 

26.55 

175 

21.93 

267 

73.55 

219 

68.79 

131 

25.52 

185 

*3 54 

269 

74.21 

213 

68.20 

121 

24.49 

195 

25 08 

271 

74 95 

297 

67 61 

111 

23.61 

205 

26.69 

273 

76.12 

205 

67.39 

101 

22.73 

207 

27.06 

275 

76.56 

203 

64.97 

91 

21.85 

209 

27 65 

277 

76,78 

201 

61.45 

81 

20.90 


TABLE F.2 - lilatometrie data on thennal expansion of ^ s o. 05^0. 9 5^3 

Length of rod specimen (£) = 1*5 cm 


HEATING 


Tcmporo- 
/0\ 
turo ( 3, 

A.L \ i v, •• 

1 f 1 

Tempera- 
ture (° c ) 

X/ 

82 

3/96 

206 

23.83 

92 

4.91 

216 

25.37 

102 

5.C? 

226 

26.77 

112 

6.89 

230 

27.57 

122 

7.77 

232 

28.75 

132 

8.80 

234 

31.60 

142 

9.83 

236 

38.13 

132 

10.85 

238 

44.15 

184 

11.29 

240 

56.60 

155 

12.32 

242 

55-00 

lb© 

13-93 

244 

67.49 

150 

15-40 

VC 

^r 

CM 

59.25 

In? 

17-31 

250 

61.60 

164 

17.82 

254 

63.21 

16 f. 

18.11 

258 

65.19 

176 

19-51 

262 

67 03 

186 

20.90 

266 

68.49 

196 

22.29 

270 

69.30 


COOLING 

Tempera- ^Tempera- ^ y / tP 

ture(°C) J tur e( Cj 


268 

69.37 

208 

26.11 

264 

69.15 

200 

24.49 

260 

68.79 

190 

23.03 

256 

to. 20 

ICO 

21.41 

252 

67-39 

170 

19.95 

248 

66.00 

160 

10.40 

244 

64.83 

152 

17.30 

240 

64.09 

150 

16.72 

236 

63-36 

148 

15.62 

232 

62.33 

146 

13.20 

228 

60. 50 

144 

12.03 

226 

59.11 

142 

11.66 

224 

57.20 

14* 

11.29 

222 

54.56 

130 

10.34 

220 

51.33 

122 

9-61 

218 

47.23 

112 

0.73 

216 

41-65 

102 

7.99 

214 

35.79 

92 

7-19 

212 

29.92 

82 

6.45 

210 

26.55 
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TABLE 1.3 Lilatometric data on. thermal expansion *f Cs^ 
Length of r«d specimen ( £ ) = 1.3 cm. 


— o'—,— — 

— — . — * — 

HEATING 

— , .. ~ c 

COOLING 


* *■* # *** 

Tempera- 
ture ( b c)T X ' 

Tempera- a. 

tnre(°c) I 


Tempera- 

ture(°c) 

^ Tempera- X( 

~TJ_ tureCc) X— 

no. 75 

2.S6 

184.75 

21.78 

269-75 

6740 

222.75 

24.64 

90.75 

3 63 

194.75 

23.54 

256.75 

66.33 

212.75 

22.51 

100.75 

4.49 

204*75 

25.12 

254.75 

65-78 

202 . 75 

20.81 

110.75 

5.32 

214 75 

26.58 

252.75 

64.46 

192.75 

18.92 

120 75 

6.16 

224 75 

28.16 

250.75 

63-47 

182.75 

17.27 

130.75 

7.19 

234.75 

29.92 

248.75 

61.82 

172.75 

15.66 

140.75 

6.36 

244.75 

31.46 

246.75 

5».«4 

162.75 

14-08 

144.75 

8.71 

246.75 

32.12 

244.75 

57.42 

150.75 

12.32 

148.75 

9 24 

248 75 

34.32 

242.75 

55.90 

146.75 

10.91 

150.75 

12.10 

250.75 

43.67 

249.75 

52.36 

144*75 

9.90 

152 ,75 

12.87 

252.75 

47.39 

238.75 

49.06 

142.75 

7.92 

154-75 

14.89 

254.73 

45.59 

236.75 

44.51 

140.75 

6.93 

156.75 

16.28 

256.75 

4.67 

230.75 

33.00 

134.75 

5.59 

160.75 

17.93 

258.75 

58.74 

228.75 

29.26 

130.75 

5-28 

164.75 

18.70 

260.75 

61.42 

226.75 

26.73 

120.75 

4.22 

174.75 

20.06 

262.75 

66.33 

224.75 

25.98 

110.75 

3.52 



T/VHTiB : F4 ~ Bilatometric data »n thermal expansion of Cs, on^O 
length of rod specimen ( j/ ) = 1,3 cm 




HEATING 

* , 0 

* “• ' • * 

COOLING 


Tempera- / y ) 

tur o( c) T‘ 0' 

^ Tempera- 
ture(°o) 


Tempera- <a£ V 
ture ( C) y 

Tempera- 
ture Co) 


80.5 

3.96 

156.5 

18.76 

250.5 

31.68 

142.5 

13-06 

90.5 

4.91 

162.5 

19.80 

246.5 

31.13 

14«.5 

13.53 

100.5 

5.94 

172.5 

21.87 

238-5 

29-48 

136.5 

12,87 

110 ,. 5 

6.93 

182 5 

22.88 

228.5 

27 59 

134.5 

12.01 

120.5 

7.92 

192.5 

24.02 

216.5 

25.74 

132.5 

11.22 

130.5 

9.06 

202.5 

25.30 

206.5 

23 98 

126.5 

8.62 

134.5 

5.68 

212.5 

26.73 

198.5 

22.02 

122.5 

7.88 

14 ". 5 

11,00 

222.5 

27.94 

186.5 

2 - 5.68 

110.5 

6.27 

142 5 

12.61 

232.5 

29.48 

176.5 

1 A .92 

1 DC .5 

5.28 

146 5 

15-22 

242,5 

30.47 

166.5 

17-42 

90.5 

4-40 

148.5 

17.09 

252.5 

31.50 

156.5 

15-91 



192.5 

18.04 



146.5 

14.39 
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TABLE : P.5 - Lila tone trie data on thermal expansion *f Kq QgEb^ ggNO . 
length of rod specimen = 1.4 on 




HEATING 



COOLING 


Tempera- /-■ v , 

ture(° C ) 7 

Tempera- 

ture^*) 

Jc 

Tempera- 

ture(°c) 

x's {! , 

A/ 

A Tempera- 
C ture(’c) 


81 

3.30 

207 

54.34 

2.75 

72.99 

175 

36.61 

91 

4.09 

209 

57.33 

271 

72.69 

173 

29.48 

101 

4.84 

211 

59.55 

269 

72.29 

171 

25.52 

111 

5-72 

213 

60.81 

265 

71.35 

167 

24-05 

121 

6.60 

215 

62.06 

261 

70.55 

159 

22.95 

131 

7.48 

217 

62.92 

257 

69.74 

153 

21.65 

141 

8.36 

219 

63.71 

251 

68.86 

151 

21.56 

151 

9 58 

221 

64.24 

245 

68.20 

149 

20.46 

153 

10.35 

223 

64.59 

233 

67.76 

147 

li .48 

155 

11.88 

225 

64-90 

231 

67.19 

145 

16.94 

157 

14.74 

227 

65-21 

221 

66.46 

143 

15.84 

159 

18.04 

233 

66.02 

211 

65-78 

141 

15.40 

161 

19.14 

239 

66.88 

291 

64.90 

135 

14.61 

163 

19-49 

247 

67.76 

191 

64-04 

129 

14-08 

169 

20.59 

255 

68.86 

187 

63-36 

121 

13.20 

175 

21.56 

261 

69-74 

185 

62.48 

111 

12.32 

181 

22-40 

263 

70.25 

183 

60.81 

101 

11.31 

1H7 

23.41 

265 

70.55 

181 

56.32 

91 

10.34 

193 

24.22 

267 

71.06 

179 

51.04 

81 

9.46 

195 

25.30 

269 

71.72 

177 

44.88 



197 

26.40 

273 

72.75 





199 

27.61 

275 

73.26 





201 

29.06 

277 

73-48 





203 

34 89 

279 

73 70 





205 

42.68 

281 

73.70 







TABLE: E 6 - Dilat one trie drta on thermal expansion tf EL RT* _ ^JtfO ♦ 
Length of rod specimen (A 7 ) = 1.4 •r. 4 


H EATIN G 



Tempera- 

ture(°c) 

81 

4 -09 

191 

91 

5.06 

193 

101 

5.94 

195 

111 

6,91 

197 

121 

7.92 

199 

131 

8.95 

201 

141 

9.97 

203 

151 

11.15 

205 

153 

11.95 

207 

153 

13 35 

209 

157 

16.65 

211 

159 

17-91 

213 

161 

18 11 

215 

163 

18 85 

217 

165 

19 36 

219 

167 

19.95 

221 

169 

20 59 

225 

171 

21.56 

231 

173 

22 66 

237 

175 

23 98 

243 

177 

24.86 

248 

179 

25 96 

255 

181 

26 71 

261 

183 

27.94 

267 

185 

29-26 

269 

187 

30.80 

271 

189 

32 -21 

275 


xio 3 

X 

Tempera- /\ 
ture ( ° C ) 1 

33.79 

273 

35.35 

271 

36.96 

269 

38.72 

267 

40.55 

265 

42 46 

263 

44.44 

261 

46.35 

259 

48.71 

257 

30.75 

- 255 

52.36 

253 

53.68 

249 

54.34 

243 

54.91 

237 

55-31 

231 

55.46 

225 

55.88 

219 

56.54 

213 

57.05 

207 

57.66 

201 

58 17 

195 

58 74 

189 

59.31 

183 

60.10 

177 

60.50 


60 81 


61 45 



COOLING 

7 . 5 Tempera- TyJ y/<) 5 

^ X /L ture(*c) JLJ_- 


61.29 

171 

44.79 

61.14 

169 

44.00 

40.94 

167 

42.90 

60.72 

165 

41.01 

40.50 

163 

38.28 

40.06 

161 

34.32 

59.40 

159 

28.91 

58.52 

157 

24.86 

57.66 

155 

20.46 

57.05 

153 

16.50 

56.65 

151 

12.76 

55-70 

149 

10.21 

54.56 

147 

7-55 

53-46 

145 

5*65 

52.65 

143 

4.25 

51.92 

141 

3-52 

51.06 

139 

3.15 

50.29 

133 

2.20 

49.59 

127 

1.56 

48.95 

121 

1.01 

48 25 

111 

0.00 


47-61 
46 .86 
46.05 



A 


51 


0 . X-ray data 

TABI/R: G-l , X-ray data on thermal expansion of RbNO 

3 

Blase 17 (Hexag*nal) 


Tempera- 
ture (°c) 

a iv (A °) 


a IV/ 6 (a 0 ) 

C IV/ 3 (a 0 ) 

V V3 = (V.V'S) 1 / 3 A° 

29 

10.49 

7-44 

4.28 

4.30 

4.29 

54 

10.51 

7.46 

4.29 

4-31 

4.30 

74 

10.53 

7.47 

4.30 

4-31 

4.30 

97 

10.55 

7 49 

4.31 

4.32 

4.31 

111 

10.57 

7-49 

4.31 

4.32 

4.32 

124 

10.58 

7-50 

4.32 

4.33 

4.32 

135 

10.59 

7.51 

4.32 

4-34 

4.33 

139 

10.59 

7.52 

4.32 

4.34 

4.33 

146 

10.60 

7.53 

4.33 

4.35 

4.33 

153 

10.62 

7-52 

4.34 

4.34 

4.34 

161 

10.63 

7.51 

4.34 

4.34 

4.34 


Blase 

III 

Biase II (Hexaeonal) PHASE I 

Tempera- 
ture( C,) 

a (A°) 

a II C TI V 1 ^} 

SFSj v a "> 0 h< a °v * 0 ,’^ZTcTf 

.(A 0 ) 

170 

4.347 

227 5.55 

- V3 7 

1*.71 4.67 4.37 4-57 286 

7.32 

179 

4.353 

232 5-54 

10.75 4.66 4.39 4.57 289 

7-32 

191 

4 358 

240 5-55 

10.71 4.64 4.37 4-55 


198 

4.362 

281 5.47 

10.89 4.60 4.45 4-55 



211 4.371 

222 4.376 


TABLE : G2 X-ray data on thermal expansion of EL, . .Hb. -..NO- 

o#04 "*yo 3 


Lhase IV (Hexagonal) 


Tempera- 
ture (°c) 

a i V ( A *0 

C Ty( A ‘ > ') a iV/ 

6 ( A °) C IV/ 

3 (A 0 ) 

V ^IV/9 ) 

29 

10.47 

7.44 

4.27 

4.30 

4.28 

75 

10.50 

7.45 

4.29 

4.30 

4.29 

91 

10.51 

7.46 

4.29 

4.31 

4.30 

117 

10.53 

7-47 

4.30 

4.31 

4.30 

137 

10.55 

7.4C 

4.31 

4-32 

4.31 

145 

10.56 

7-49 

4.31 

4.32 

4.31 

150 

10.60 

7-48 

4-33 

4.32 

4.33 

157 

10.60 

7.49 

4.33 

4.32 

4.33 


Blase III Biase II (Hexagonal) Ehase- I 


Tempera- 
ture (°c) 

a (A C ) 

III 

C ~II 

Tempera- 
ture(°0) (A 1 

"II 

(A* 1 ) a nA 
^ ; (A 0 ) 

V ' =/ 

2 <. t 'STempera- 

VV Il/3 ture( c) 

*1 (A°) 

165 

4.362 

192 5.56 

10.72 4-68 

4-38 

4.58 

293 

7.32 

167 

4-357 

205 5.57 

10.76 4.69 

4.39 

4.59 

296 

7.33 

173 

4.366 

256 5.55 

10.82 4.67 

4-42 

4.58 

300 

7.33 

185 

4.373 

262 5.54 

10.05 4.66 

4-43 

4.58 



3 95 

4 377 

275 5-51 

10.86 4-63 

4.43 

4.56 



208 

4.383 

283 5.48 

10.93 4.61 

4-46 

4.56 



222 

4-387 

288 5.45 

10.87 4-58 

4.44 

4.53 





T.YBL^ : G-3 X-ray data on thermal expansion of Cs^ g^NO^ 

Phase IY (Hexagonal) 


Tempera- 
ture ( ' c) 

^;u 5 ) 

c IV (A°) a IV/ 

1 O 

1 cS 

1 

1 VO 

) C IV/ 

3 (A C j V l/ 3 =(v iv/g )^ 3 A 1 

29 

10.50 

7.44 

4.29 


4.30 

4.29 

56 

10.52 

7.45 

4.29 


4.30 

4.20 

80 

10.54 

7 47 

4.30 


4.31 

4.30 

100 

10 56 

7.47 

4.31 


4.31 

4.31 

120 

10., 57 

7.48 

4.32 


4.32 

4.32 

132 

10.59 

7.49 

4.32 


4.33 

4.32 

137 

10.59 

7 49 

4.32 


4.33 

4.32 

145 

10.60 

7.51 

4.33 


4.34 

4.33 

163 

10.61 

7.50 

4.33 


4.33 

4.33 

Phase III 


Phase 

II (Hexagonal) 

.Jhass-I 

Tempera- 

ture(°c) 

a / 0 
IIl( A 

) Tempera- a (i C ) G (A°) a ii 
ture(Y) 11 11 42 

. -- aO 

yV3 = 

> a I 

C II^II^Temoera- (A°) 
g 3 ture(°c) 

kl 

175 

4.365 

244 5.52 

10.77 

4.64 

4*40 4*56 

281.5 7.31 

131 

4.368 

248 5.52 

10.75 

4.64 

4.39 4.56 

283.0 7.32 

191 

4.371 

255 5.51 

10.77 

4.63 

4.40 4.55 


211 

4.384 

263 5.49 

10.79 

4.62 

4.41 4.55 



224 4 398 
233 4.393 
242 4.399 



